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ABSTRACT
Contaminated land is increasingly becoming an important issue worldwide. Many 
metal contaminants are persistent in the soil for a large number of years. Immobilisation 
of metals/metalloids has proven to be a challenging task and a cost-effective, non-invasive 
and socially acceptable technology is required for its remediation. The present study 
involves the in-situ immobilisation of metals/metalloids in Tamar Valley soil using 
compost enriched with iron oxide and/or zeolite (up to 20% w/w). The results illustrated 
that 15% compost 5% iron oxide (15C5IO) and 15% compost 1% iron oxide (15C1IO) 
were effective in reducing the leaching of Cu to < 1% compared to the control sample. 
For Cd, all the amended samples decreased the leaching effectively to < 1% compared to 
the control. However, for reducing the leaching of As, 10% compost 2% iron oxide 
(10C2IO) and 15% zeolite 5% compost (15Z5C) were effective. The sequential 
extractions results show that control sample showed the order of association o f As in the 
soil: residual fraction (69%) > reducible fraction (11%) > organic fraction (10%) > 
exchangeable fraction (9%); For Cu: organic fraction (55%) > residual fraction (26%) > 
reducible fraction (13%) > exchangeable fraction (6%) and for Cd: organic fraction (56%) 
> reducible fraction (25%) > residual fraction (14%) > exchangeable fraction (6%).
The results of bioavailability tests demonstrated that 15% compost 5% iron 
oxide (15C5IO) and 15% compost 1% iron oxide (15C1IO) were effective in reducing the 
take up of Cu by ryegrass to 24 mg kg'1 and 35 mg kg' 1 respectively. For Cd, 5% 
compost 5% zeolite (5C5Z) and 5% compost 5% iron oxide (5C5IO) yielded the best 
result for reducing the take up to 3 mg kg'1. For As, 15% compost 5% zeolite (15C5Z) 
and 15% compost 5% iron oxide (15C5IO) reduced the take up to 2 mg kg'1. SEM-EDX 
and XRD analyses were performed on the control and amended samples. However, no 
new phases were detected by both the methods. It was concluded that zeolite and/or iron 
oxide enriched compost can be used effectively for immobilising Cu, Cd and As in the 
contaminated soils.
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CHAPTER 1
INTRODUCTION
1 Background
Soil is the thin layer of organic and inorganic materials that covers the Earth's 
rocky surface. It is made up of three main components-minerals that come from rocks 
below or close-by, organic matter derived from the decayed remains of plants and animals 
and concentrated in the dark uppermost "topsoil" and the living organisms that reside in 
the soil. The inorganic portion made up of rock fragments, was formed over thousands of 
years by physical and chemical weathering of bedrock. In short, soil is a complex media 
formed by a porous matrix in which air, water and biota occur together with fluxes of 
substances and fluids between these elements. Alteration of soil processes lead to 
changes in the functioning of the ecosystem and many environmental problems become 
apparent in other media that actually originate within the soil (such as plants). Soil plays 
an important role in sequestering atmospheric carbon through the dynamic processes 
affecting the content of soil organic matter (SOM). SOM is lost through soil degradation 
and the sequestering capacity of soil subsequently goes down. Hence it is important to 
protect soil in order to avoid the degradation of environmental quality.
As the world population grows, so does the amount of waste that is being 
produced. The rapid industrialisation of agriculture, expansion of the chemical industry 
and the need to generate cheap forms o f energy has caused the continuous release of man- 
made organic and inorganic chemicals into natural ecosystems. Consequently soil has 
become the most common method for the disposal of waste. This has given rise to 
pollution o f soil and water bodies and subsequently affected the health of plants, animals 
and humans. Past and present economic activities have often resulted in the pollution of 
underlying soil, where these activities have taken place. The most prominent chemical 
groups of organic contaminants are fuel hydrocarbons, polynuclear aromatic 
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), chlorinated aromatic 
compounds, detergents, and pesticides. Inorganic species include heavy metals such as 
cadmium, chromium, lead, mercury, zinc and nickel. Other inorganic species include 
nitrates, phosphates and radionuclides. Some of the sources of these contaminants include 
agricultural runoffs, acidic precipitates and industrial waste materials. These pollutants 
make the soil contaminated and the severity depends on the amount / concentration o f the 
pollutants in the soil.
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Contaminated land in simple terms is land that harbors substances above their 
natural concentrations. The UK Department of Environment (DoE) defines contaminated 
land as "land which represents an actual or potential hazard to health or the environment 
as a result o f  current or previous use". Part II A of Environmental Protection Act 1990 
defines contaminated land as any land which appears to the local authority in whose area 
it is situated to be in such a condition, by reason of substances in, on or under the land 
that: Significant harm is being caused or there is significant possibility o f such harm being 
caused or Pollution o f controlled waters is being caused or is likely to be caused (DEFRA, 
2008).
For a site to be contaminated, a significant pollutant linkage must always exist. It 
is the relationship between three factors onsite:
a) Source (Contaminant)- the contamination-in or on or under the land that has potential 
to cause harm or pollute the ground water
b) Pathway - the route through which contamination reaches the receptor
c) Receptor - someone or something that can be affected by the receptor.
Contaminant ► Pathway ► Receptor
The mere presence of the contaminants in the land does not make the land 
contaminated. The effect of the contaminants must be significant or there is a significant 
possibility o f causing such harm. If the linkage is broken, it is no longer called 
contaminated land. One approach to break the pollutant receptor linkage is to utilise 
materials that effectively create soil conditions that immobilise contaminants whilst 
providing essential plant growth properties in terms of nutrition and water holding 
capacity (Gadepalle et al., 2007). In this way, the link between contaminant and receptor 
will be broken and a site will be available for redevelopment.
For understanding the nature of soil contamination, it is essential to picture the 
diverse mechanisms for pollutants to become entrained in the soil. Generally, remediation 
means providing remedy, so the process involves the remediation of pollutants or 
contaminants from the soil. The ultimate goal for cleaning up any contaminated site is to 
eliminate any potential or current threat to human health and the environment from the 
contaminants. Many different attempts were made to remediate contaminated soils, 
including an array of both in-situ (on-site) and ex-situ (off-site) techniques. It can be
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argued that no one particular technique is ideal for remediating contaminated soils. Often, 
more than one technique may be required for the clean up o f the soil. The most common 
method for decontaminating polluted soil is to remove the soil and deposit it in landfills, 
or to have it incinerated. However, landfilling simply confines the polluted soil and very 
little decontamination takes place. Incineration removes toxic chemicals (organic) from 
the polluted soil and releases them into air causing air pollution. In order to avoid soil 
excavation, in-situ methods are being have been used in recent years where there is less 
chance of causing further environmental harm. The challenge before us is to look beyond 
the problem and seek innovative ways to reduce the contamination from the topsoil in 
order to achieve a sustainable solution for soil remediation. In general, in-situ 
technologies, which are cost-effective (due to low operational and maintenance costs) 
compared to the traditional treatment methods, are being selected more frequently for the 
soil remediation. These techniques are good at remediating the soil contaminated by 
metals/metalloids through their sorption and/or precipitation, and subsequently reducing 
their transport from the contaminated soil to the surface/groundwater and take up by 
plants.
1.1 Problem Statement
Metals and metalloids are persistent in soils for a longer time after their 
introduction and most of them do not undergo microbial or chemical degradation. At 
elevated concentrations, they can be toxic to plants and animals. Therefore, metal and 
metalloid contamination o f soil could have potentially adverse effects on the environment 
and human health. It has been shown that these groups of elements have a negative 
influence on biologically mediated soil processes (Lee et al., 2002). The issues related to 
metal/metalloid contamination of soil are their leaching to surface and groundwater and 
direct take up by plants and animals that could eventually enter the food chain. The 
general approach to metal/metalloid remediation of soil includes isolation, immobilisation, 
extraction, and physical separation. However, depending on the type o f contaminant 
present, site-specific treatment technology might be needed. Arsenic contaminated sites 
are considered to be particularly difficult and hard to remediate. Arsenic contamination is 
getting wider attention due to its carcinogenic nature and its adverse effect on the 
ecosystem. The general approach for remediating arsenic contaminated sites is to 
excavate and put it in a hole in the ground and cap it. The capping is performed using 
clay, asphalt or concrete. However, this method does not provide a long term solution.
The study site studied in this research has mixed metal contamination including arsenic 
(As), cadmium (Cd), copper (Cu), chromium (Cr), lead (Pb), zinc (Zn) and traces of tin 
(Sn), molybdenum (Mo) and cobalt (Co). The presence of these metals at the study site is 
directly related to the historical mining operations that were carried out at the site.
The study site Tamar Valley, is an extensively metal/metalloid contaminated site 
due to past mining activities. This site attracted the attention of many researchers due to 
its elevated concentration of As and Cu. The mining of Cu experienced steady growth 
from the beginning of eighteenth century onwards. During the nineteenth century, the 
Cornwall area pioneered world As production as a by product of tin (Sn) and copper 
mining. Currently the area is a derelict site with mine-related remains in the region 
including mining wheel, soil heaps and high metal/metalloid concentrations. Elevated 
concentrations o f metals are reported in the stream sediments, garden soils and freshwater 
in that area. For example, Abrahams and Thornton (1987) estimated that 722 km2 of the 
land area of southwest England are contaminated by As. The detailed background of the 
study site along with photographs is given in Chapter 2. However, to have a general idea, 
an aerial photo of the study site is shown in Figure 1.0 (the mining area is the patch 
without greenery).
Figure 1.0 Aerial photo of the mining area of Tamar Valley
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The new legislation of utilising the brownfield sites for constructing houses and 
landscaping has led to a demand for more efficient and cost effective technologies. 
Instead of the conventional method of remediation (dig and dump), a new method of 
dealing with the mixed metal/metalloid contaminated soil is required at this site. In this 
research, the main focus is on the remediation of metal/metalloid contaminated site at this 
old mine site using compost (mixture of composted sewage sludge and greenwaste 
compost) enriched with inorganic amendments (clinoptilolite and iron oxide).
1.2 Importance and Scope of the Study
This study relates to the impact o f metals/metalloids left in the soil by the past 
mining activities on the environment. There is a need to understand the behaviour of 
metals/metalloids in the soil and their impact on the environment. The crucial aspect of 
this project is to establish a cost effective and viable technique for providing sufficient 
protection to the human health and environment from the contaminated soil. The 
development of an in-situ technique would have an edge over the traditional methods and 
is less disruptive to the environment. The technique involves the application of the 
amendments to the soil which renders the metal contaminants less mobile, less soluble 
and less bioavailable. Although it does not affect the total concentration of the 
metals/metalloids, it reduces their risk of contamination to plants, animals and humans in 
the environment. It is also expected that the technique will be adaptable to a wide range 
o f contaminants. The scope of this project aims at evaluating the metal immobilising 
capability o f compost/zeolite and compost/iron oxide and their performance for reducing 
metals bioavailability and improving the greening characteristics of the polluted soil.
Literatures studies show that iron based compounds have been used by various 
researchers for their potential to adsorb arsenic. Zeolites have good sorption capacity and 
CEC (cation exchange capacity) and have been identified as potential candidates for the 
remediation of different metals in the contaminated soils. They are potentially used to 
bind heavy metals in the contaminated soils. Compost immobilises metals and arsenic 
from the soil by adsorption and/or complexation with the particulate organic matter. It 
also helps to revegetate the contaminated area owing to the introduction o f organic matter 
into the soil. The combined approach of immobilising the metals/metalloids and covering 
the soil with vegetation is promising as it improves the soil quality, reduces soil erosion 
and restricts metal/metalloid leaching to groundwater. This technique, which utilise waste
and naturally occurring materials, is cost effective compared to more traditional methods 
and may effectively divert materials from the waste stream and could thereby make a dual 
contribution to sustainable development.
Soil samples were homogenised in the laboratory and leaching experiments (batch 
and sequential) were conducted to simulate the long term behaviour of metals in soils. 
Greenhouse experiments were conducted using rye grass (Lolium perenne L.) and the 
amendments were applied at different concentrations. The biomass and bioavailability of 
the metals/metalloids were determined from the greenhouse experiments. This research 
on soil remediation provides a better understanding o f the nature of contaminated soils 
investigated and the risk they pose, and a better cost effective technology for dealing with 
such soils. By sustainable development of the contaminated land, it is expected that the 
future benefits outweigh the cost of remediation and environmental impact of the 
implementation process will be less than the impact of leaving the contaminated land 
untreated.
1.3 Aim and Objectives
The aim of this research study is to evaluate the potential application of mixtures of the
compost, zeolite and iron oxide for the remediation of metals/metalloid contaminated soils.
This aim will be achieved by:
• Performing a detailed physical and chemical characterisation of the contaminated soil, 
compost, zeolite and iron oxide and investigate their capability to immobilise 
metals/metalloid namely copper, cadmium and arsenic.
• Undertaking a comprehensive and controlled greenhouse experiments to evaluate the 
viability of using inorganic-amended composts for the remediation o f a highly 
contaminated soil and to investigate the bioavailability o f metals/metalloids to plants via 
the use o f rye grass as a plant indicator.
• Carrying out detailed batch and sequential extraction leaching experiments with the aim to 
evaluate the extent of metals/metalloids immobilisation in the amended soils.
• Examining the effects of the amendments on establishing and improving plant growth on 
the contaminated soil.
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1.4 Thesis Organisation
This thesis has 10 chapters, beginning with an introductory chapter and outline of the 
thesis is as follows:
Chapter 2 is about legislations related to the contaminated soil, history of the study site 
and a brief introduction on remediation technologies.
Chapter 3 introduces the concepts of heavy metals/metalloids in the environment (soils 
and plants). The first section deals with the metal/metalloid interactions in the soil, their 
background concentrations, metals in sewage sludge amended soils and the factors affecting 
metals/metalloid concentrations in soil. The next section describes heavy metals/metalloids 
in plants and their deficiency symptoms. The third section involves the chemistry of 
metals/metalloids copper, cadmium and arsenic discussed in detail including speciation and 
factors affecting their mobility.
Chapter 4 gives a comprehensive review of the literature and detailed description of the 
case studies relevant to the research work carried out. This chapter also presents a detailed 
review of the mechanisms involved in remediation of soil using the above amendments.
Chapter 5 outlines the experimental methodology and analysis approach employed in the 
subsequent chapters, including the soil characterisation, batch/sequential extractions and the 
greenhouse experiments. The methods of gathering and analysing data (statistical analysis) 
are also presented. The chapter provides sufficient details to allow the work to be reproduced 
elsewhere.
Chapter 6 presents the results from the quantitative physico-chemical analyses o f the soil 
and the amendments. The heavy metal/metalloid content, organic matter, inorganic contents 
and other physical properties of the soil are discussed in detail. The results from the XRD are 
also presented in this chapter.
Chapter 7 discusses the results from the greenhouse experiments in terms o f biomass 
growth and the take up of metals/metalloids by rye grass. The results from the biomass and 
bioavailability using various treatment combinations and the factors controlling them are 
elaborated in this chapter.
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Chapter 8 presents the results from leaching experiments (batch and sequential) in detail. 
The stability of the treated soil samples were analysed by these tests and the mobility 
reduction of each metal/metalloid in the treated samples were calculated in percentages. The 
leaching tests results were interpreted in context of risk assessment.
Chapter 9 includes the results obtained from SEM-EDX; high magnification SEM images 
of the soil and materials used for research are presented along with the sum spectrums of the 
treated soils. The qualitative and quantitative analysis of the elements (using backscattered 
electrons and EDX) present in the selected areas of SEM image is discussed.
Chapter 10 summarises the main findings o f this research and discusses implications of 
the findings. This chapter aims to enrich our understanding of the probable reasons for the 
conclusions from conducting this study. Possible relevant research directions in future are 
also presented at the end of the chapter.
Appendix I presents the list of technical publications in the international journals and also 
the papers published in national/international conferences.
Appendix II presents the graphs from calibration of the instruments, quality control, and 
pictures of the greenhouse experiments.
The following chapter deals with the legislations related to the contaminated land and 
history of the study site. This chapter also intendeds to provide a brief introduction to the 
remediation methods currently utilised for the metal/metalloid contaminated sites.
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CHAPTER 2
LEGISLATION AND REMEDIATION 
TECHNOLOGIES
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2 Contaminated Land Legislation
In the past, the most common approach in dealing with the contaminated land was to 
dig it up and dispose of it to landfill. As a consequence of the European Landfill Directive, 
the number of landfills that accept contaminated material have decreased drastically, 
subsequently increasing the cost of this disposal option. The changes in the landfilling 
practice have led to the need for alternative cost effective and sustainable technologies for the 
remediation o f a wide range o f contaminants.
Part IIA of the Environmental Protection Act (1990) is introduced by section 57 of the 
Environment Act 1995 as a means of dealing with contaminated land in the UK. The 
contaminated land provisions set out in Part IIA of the Environmental Protection Act 1990, 
was introduced in England on 1st April 2000. The Act provides a new regime for the control 
of threats to the environment from contaminated land and provides a risk based approach to
the clean up of contaminated land. The Part IIA provides the legislative framework for the
identification and remediation of contaminated land. It also describes the regulatory role for 
local authorities for dealing with contaminated land. It is aimed at addressing land that has 
been historically contaminated and that poses unacceptable risk to human health or 
environment. Managing contaminated land and identifying the risks requires phased 
investigation which involves:
a) Phase I -  A desktop review
b) Phase II - An intrusive site investigation and
c) Phase III- Remediation statements and validation reports.
The desktop review involves site location and layout plans, history and previous use 
o f the land around the site, assessment o f hydrology, geology and hydrogeology. The Phase 
II site investigation involves sampling and analysis to determine the levels of contaminants at 
the site. Complete analysis of the laboratory results are performed and compared to the SGVs 
(Soil Guideline Values) and a risk assessment is carried out. I f  the results indicate a risk, then 
phase III remediation should be carried out. A remediation statement should be submitted to 
the authority for approval. The remediation statement should include a summary o f previous 
site investigations, remediation methodology, site management procedures and details o f how 
the site will be validated. Once the Phase III is complete, a post remediation report is 
required to show that remediation was successful.
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Apart from the part IIA, guidance notes to the practitioners dealing with many hazards 
and different types of contaminants in the UK was published by the Interdepartmental 
Committee for the Redevelopment of the Contaminated Land (ICRCL). The ICRCL was 
formed in the 1970s in the UK to assess the potentiality of contaminated sites. The most 
widely used guidance from ICRCL was the "Guidance on the Assessment and 
Redevelopment of Contaminated Land" (Second Edition, 1987). ICRCL published notes on 
trigger values for soil contaminants including ten metals, phenols, cyanides, sulphates and 
PAHs (Poly Aromatic Hydrocarbons). But these guidelines had limitations as they had no 
legal status, were applicable to only few contaminants and used only for redevelopment. 
These values were not suitable for "assessing the significant possibility of significant harm to 
human health" in the context of Part IIA regime.
The ICRCL guidelines were subsequently replaced by the Soil Guideline Values 
(SGVs). SGVs have been produced by the Environment Agency and DEFRA as indicators of 
potential unacceptable risk. SGVs take into account the statutory guidance and have been 
formed according to the assessments set out in Part IIA. Exceeding SGVs indicate that 
further remedial action/investigation may be required on the contaminated land to protect 
human health. SGVs are generic assessment criteria and the values for heavy metals in soils 
are shown in Table 2.0. The CLEA model uses inputs such as site characterisation, levels of 
contaminants, potential pathways, and receptors. From this information, the CLEA model 
estimates contaminant intake from soil as a function of the contaminant concentration and the 
potential exposure o f adult and children living, working and playing on contaminated land. It 
can be concluded that brownfield development is a key criteria for government policy on 
regeneration and a strategy implemented for sustainable communities.
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Table 2.0 Soil Guideline Values (SGV) for heavy metals in soils (YARA, 2008)
M etal Use CLEA SGV mg kg'1
Arsenic Residential with or without plant uptake 20
Commercial and industrial 500
Cadmium Residential with plant uptake 1 (pH 6)
2 (pH 7) 
8 (pH 8)
Residential without plant uptake 30
Allotments 1 (pH 6)
2 (pH 7) 
8 (pH 8)
Commercial 1400
Chromium Residential with plant uptake 130
Residential without plant uptake 200
Commercial and industrial 5000
Nickel Residential with plant uptake 50
Residential without plant uptake 75
Commercial and industrial 5000
Lead Residential with plant uptake 450
Residential without plant uptake 450
Commercial and industrial 750
In addition to Part II A, the UK Government is concentrating on the redevelopment 
of brownfield sites. Technically, the UK defines a “brownfield site” as any previously 
developed land that is not currently fully in use (Iedconline, 2009). A number of EU 
Directives have been produced related to brownfield regeneration- the Waste Framework 
Directive (1975); the Groundwater Directive (1980); the Environmental Impacts Directive 
(1985); the Hazardous Waste Directive (2005) and the Landfill Directive (2002) (EIC, 
2004). Two aspects of the EU Landfill Directive that came into force in July 2004 are the 
treatment of hazardous waste prior to landfill and co-disposal o f hazardous and non- 
hazardous waste in the landfill. The EU Landfill Directive targets the reduction of 
biodegradable waste that is sent to landfill to 75% of 1995 levels (by 2010), 50% of 1995 
levels (by 2013) and 35% of 1995 levels (by 2020) (FOE, 2002). Hence, there will be a 
significant reduction in the waste being sent to landfill as it is segregated and disposed off in 
an appropriate way before landfilling.
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2.1 History of the Study Site
The sampling area selected for the research purpose is an abandoned mining site at 
the Tamar Valley, situated in South West England, UK. Initially, contaminated sites in the 
Midlands (Birmingham and Manchester) were selected for the study purpose. However, the 
samples could not be obtained due to permission problems. The Forest Research 
Commission, which is a collaborator for this research project, holds access license to the 
Tamar Valley mining area. Due to the easy access for soil collection, this site was chosen 
for the study purpose. The Tamar Valley mining site is located in the natural boundary 
between Devon and Cornwall. This area was subjected to intensive mining since pre-roman 
times. However, the main period of mining was between mid 1880s and 1930. The 
principal ores contain Cu, Pb, Sn, As, Zn and Ag.
Within the U.K, this region has the largest number of population living in close 
proximity to sulphide ore mine waste. A feature o f this region is the association of Cu 
(Chalcopyrite) with arsenic ores (Arsenopyrites). This area in West Devon (called Great 
Devon Consols) was richest Cu and As mines in the world. The main Cu lode was 12m 
wide, the central lode has pure Cu ore surrounded by 2m thick deposit of pure arsenopyrite. 
Due to a short time demand in USA in 1870 for arsenic as the cotton desiccant to combat 
cotton weevil, this area has become the world’s largest producer of As. At the mines, the 
As ores were roasted and the evaporated arsenic sublimed in brick-built labyrinths and then 
purified by thermal methods. Pure AS2O3 was produced at the site after smelting As. The 
source of contamination is from arsenopyrites in the waste tips, which rapidly weather to 
form low pH materials due to the production of sulphuric acids. In South-West England, 
there is a long practise o f use of mine waste for use on garden drives, car park areas and 
pathways to provide cover and to discourage growth of weeds. Thus the contamination was 
spread across to other areas. Figure 2.0 shows a heap o f soil at the contaminated site 
covered with bluish white crystal-like coating indicating arsenic/cobalt contamination. 
Figures 2.1 and 2.2 show the surrounding areas near the mining site and a magnified image 
of the labyrinth respectively. Figure 2.3 show residence in the vicinity o f the contaminated 
site indicating that there is a risk of contamination to humans by direct contact with soil / by 
air. Figure 2.4 shows the water body present at the foot of the mining area indicating a 
potential risk of water contamination by mining soil erosion.
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Figure 2.0 Soil at the study site showing contamination (bluish white crystal like
coating)
Figure 2.1 Closer view of the area surrounding the mining site
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Figure 2.2 Inner walls of arsenic labyrinth showing crystals of crude arsenic sublimate
Figure 2.3 Residence in the proximity of the contaminated site
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Figure 2.4 Water body at the foot of the mining area
2.2 Rem ediation Technologies for Contam inated Land
Contaminated land remediation restores the area to safe and usable conditions. As 
discussed in the earlier sections, as the landfilling options decrease, novel techniques will be 
required which are more efficient, economical, less risky and more sustainable. 
Remediation options include minimising metal/metalloid bioavailability through biological 
or chemical immobilisation techniques using a wide range of organic and inorganic 
compounds. Generally, remediation technologies are classified into four categories based 
on the process of acting on the contaminant. They are:
a) Removal - a process that physically removes the contaminant or contaminated medium 
from the site without separation from the medium
b) Separation - a process that removes the contaminant from the host medium (soil or 
water)
c) Destruction - a process that chemically or biologically destroys or neutralises the 
contaminant to produce less toxic compounds
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d) Containment - a process that immobilises the surface and subsurface migration of the 
contaminant.
The first three processes reduce or remove the contaminant whereas containment 
technologies control the migration of contaminant to other areas. The selection o f a 
remediation technology depends on various factors such as contaminant type and 
characteristics, site characteristics, cost and remediation schedule.
Two distinct types of soil remediation can be defined- in-situ or on-site and ex-situ 
or off-site. The main advantage of in-situ treatment is that it allows soil to be treated 
without being excavated and transported, resulting in potentially significant cost savings. 
However, in- situ treatment generally requires longer time periods, and there is less 
certainty about the uniformity of treatment because of the variability in soil and aquifer 
characteristics and because the efficacy of the process is more difficult to verify. The 
main advantage of ex-situ treatment is that it generally requires shorter time periods, and 
there is more certainty about the uniformity of treatment because of the ability to monitor 
and continuously mix the ground water. Ex-situ treatment, however, requires excavation, 
leading to increased costs and engineering for equipment and material handling.
The most commonly used treatment technologies for the remediation of inorganics 
in the soil (that could have been applied to the study site) include soil washing, 
solidification/stabilisation (S/S), soil flushing, excavation and off-site disposal and 
immobilisation (by the addition of organic/inorganic amendments). Soil washing 
remediates contaminated soil by separating contaminants on the particles by using an 
aqueous solution that has a basic leaching agent, surfactant, or pH adjustment. Semi 
volatiles, inorganics, fuel hydrocarbons, metals/metalloids and pesticides are the 
contaminants that can be removed by this process. The time to complete this process is 
short and can be a permanent solution. Soil washing has been used in America and 
mainland Europe for the past ten to 15 years but is a relatively new technique to the UK. 
However, for the study site, the application o f this technique would be tremendously 
expensive as the process is ex-situ. This involves removing the soil from the 
contaminated site that would involve operation and maintenance costs. As the study site 
is huge, excavating and treating the soil would be literally impossible.
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Solidification/stabilisation can be carried out either in-situ or ex-situ. In this 
physical/chemical treatment, contaminants are physically trapped (solidification) or their 
mobility is reduced by the chemical reaction between the stabilising agent and the 
contaminants (stabilisation). This process involves mixing of the specialised additives 
with waste material to reduce the solubility or mobility of contaminants physically or 
chemically. Solidification involves physically entrapping the contaminant in a solid 
structure whereas stabilisation refers to modifying the contaminant to form less soluble, 
mobile or toxic form without necessarily affecting its physical characteristics. The 
efficacy of the S/S treatment is influenced by the characteristics of the site, nature of the 
material to be treated, presence of inhibitory compounds like sulphates, oil etc. The 
availability of the contaminant can be restricted, however the release of contaminant 
might occur and hence long term stability studies will be required (FTR, 2008). However, 
for in-situ treatment by S/S the bearing capacity of the ground must be sufficient to 
support the mixing equipment. For ex-situ treatment, the treatment costs are expensive 
compared to in-situ and the soil has to be excavated and transported to the treatment site 
involving operational and transport expenses (Evans et al., 2001).
Soil flushing is the extraction of contaminants from the soil with water or any 
suitable aqueous solutions. This is achieved by passing the extracting fluid through the 
soil using an injection or infiltration process. The flushing additives must be recovered 
from the underlying aquifer can be recycled when possible. The flushing additives is 
either water only or water plus additives such as acids, base or surfactants. Acidic 
solutions are used to dissolve organic contaminants and basic solutions are used to treat 
some metals and phenols. Soil flushing differs from soil washing in that the former 
involves treating the soil in-place using injection/recirculation process and the latter 
involves excavation of polluted soil and treating it at the surface in a soil washer. The 
effectiveness of this process is dependent on hydrogeological variables and type of 
contaminant. Soil flushing is a short to medium term process and is applied for inorganic 
contaminants including radioactive contaminants, VOC's, fuels and pesticides. In many 
cases, surfactants or solvents are used to enhance the solubility o f organic compounds. 
This technique improves the recovery o f metals and can be applied to a wide range of 
organic and inorganic contaminants. However, the residual flushing additives in the soil 
may be of concern and the recovered groundwater from the study site may need treatment 
before its discharge and might increase the cost of the overall treatment (FTRa, 2008). 
And also the process is too risky and may mobilise arsenic from this site.
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Excavation and off-site disposal, though effective for the remediation of 
inorganics, could not be applied simply due to the vast contaminated study area involving 
costs for excavation, transport of the soil and pre-treatment of the contaminated soil 
before disposal.
An alternative to the above techniques, in-situ immobilisation technique involving 
the addition of organic/inorganic amendments to the study site is quite promising for this 
site. The major advantage of this process compared to other techniques is the addition of 
organic matter (compost) to the currently barren and infertile soil. This makes the soil more 
fertile, improves the soil structure and water holding capacity. The soil would support plant 
growth, due to the supply o f N, P, K from the organic matter and would be beneficial for 
turning the site into a landscape in the future, if needed. The addition of compost has 
another advantage of complexing the metals/metalloids and restricting their leaching to the 
surface and ground water. The inorganic amendments (zeolite and iron oxide) are effective 
in immobilising metals/metalloids from the study site and this process is effective and 
economical compared to other treatments.
2.3 Summary
The problem with man-made contamination is that solid contaminants are often 
distributed in a random manner and are very heterogeneous. The different contaminants on 
the site may not have all been deposited in a similar manner, hence predicting their 
distribution and location can be somewhat difficult. Similarly, selecting a suitable 
remediation technique is equally difficult while having mixed contaminants in soil. 
Although a number of categories of remediation technologies such as physical/chemical, 
biological and thermal technologies are available, a simple or single cleaning technology 
might be limited by insufficient effectiveness, cost and duration of the treatment. Hence 
effective, short term and cheap technologies are required for soil remediation. The selection 
of an appropriate remediation technology depends on the physical and chemical form of the 
metal contamination in the soil. Physical characteristics and the type o f contamination at the 
site should be acquired to enable accurate assessment of remedial measures. General 
approaches to remediation include one of the methods mentioned above, but a specific 
technology is required for metal contaminated sites, depending on the form o f contamination 
and other site specific characteristics. It also depends on factors such as future pollution at 
the site, potential impacts on adjacent lands and surface drainage patterns. As the sampling
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site at Tamar valley has a mixed metal/metalloid contamination, a suitable technology is 
needed to remediate most of the metal/metalloid, rather than targeting one particular element. 
Since these are considered to be relatively immobile in soil, methods for their remediation 
focused on processes such as immobilisation, solidification/stabilisation and vitrification. 
These processes can be performed in-situ which reduces handling costs. The in-situ 
immobilisation method selected for the remediation of contaminants in this study is by 
mixing the soil with compost that has been enriched with zeolite and iron oxide. This 
method immobilises the metals/metalloids, reduces their leaching and bioavailability.
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CHAPTER 3
HEAVY METALS IN THE 
ENVIRONMENT
3 Introduction
This chapter gives an insight on heavy metals in the environment especially in soil 
and plants. The sources of heavy metals, their background levels, interaction with the 
environment and factors affecting the metal concentrations are discussed in the first 
section. The second section deals with the metals in sewage sludge amended soil and the 
regulations for the usage o f sludge. Following this, speciation of metals in plants, their 
deficiency symptoms and bioavailability are discussed at length. Finally, the chemistry of 
As, Cu and Cd in soils and also in plants are presented followed by a short summary for 
this chapter.
3.1 Heavy Metals in Soil
Heavy metals are defined as elements with metallic properties (ductility, 
conductivity and ligand specificity) and with atomic number > 20. Heavy metal 
contamination o f soils is a major environmental problem. During the past several decades 
many sites have been contaminated by heavy metals from various industrial activities like 
mining or industrial waste disposal, application of herbicides and pesticides, combustion 
of fossil fuels and from the automobile industries which use heavy metals for the 
manufacture of vehicles. The major risk of soil contamination with metals is their 
potential to leach to groundwater and threat to plant/animal/human life. Metals are 
persistent in soils for a long time after their introduction and most metals do not undergo 
microbial or chemical degradation. In order to determine the level of heavy metals in soil, 
analytical values both in normal soils (unaffected by anthropogenic activity), and in 
affected soils are considered. The normal range o f metals in soil and in plants is shown in 
Table 3.0.
Table 3.0 Normal range of heavy metals in soils and plants (Alloway, 1995)
Element Normal range Plant concentration (mg kg"1)
in soils (mg kg"1) Mean Range Max.
Copper 10-80 20 7-30 150
Zinc 10-300 50 21-70 300
Cadmium 0.01-0.07 0.1 0.05-0.2 3
Iron 10000-100000 - 21-70 750
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Metals exist in soil solution as free metal ions (e.g., Cd+2, Zn+2), as soluble 
inorganic complexes with ligands or with mobile inorganic or organic colloids. Thus the 
total metal concentration in soil solution is the sum of free ion concentration, content of 
soluble organic and inorganic metal complexes and the content of metals associated with 
mobile colloidal material. The factors affecting free trace metal concentrations in soil are 
shown in Figure 3.0.
Redox
reaction Precipitation and 
dissolution 
o f solids
Free metal 
concentration 
in soil
Complex
Formation
Mass transfer
Acid-Base reaction
Ion exchange and 
Adsorption
Figure 3.0 Factors affecting free trace metal concentrations in soil solution 
(Mattigod et al., 1981).
To evaluate the potential of soil amendments on the contaminated soil, it is 
essential to understand the mobility and bioavailability o f metals in soil. The chemical 
and physical properties of the soil will influence the mobility and form o f the metal 
contaminant (Gerber et al., 1991). The mobility of metals in soil is greatly influenced by 
adsorption and this controls the behaviour and bioavailability of metals in soils (Alloway, 
1990; Sparks, 1995).
The mobility o f heavy metals depends on their chemical form and also on the 
properties of soil. The availability of metals from soil to the plants is related to the free 
metal ion in solution rather than the total metal content in the solid phase (Hare and 
Tessier, 1996; Moffett and Brand, 1996). pH, organic matter, DOC (Dissolved Organic
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Carbon) and clay content are some of the factors that affect metal solubility. There are 
different phases in soil that are involved in the sorption mechanism o f heavy metals. 
These components are oxides and hydroxides of Fe, Mn and Al, carbonates, phosphates 
and sulphates, clay and organic matter. In soils, metals are associated with various 
fractions (EPA, 1996):
a) in soil solution-in the form o f soluble metal complexes and free metal ions
b) adsorbed to inorganic soil constituents (at ion exchange sites)
c) onto soil organic matter
d) precipitated as hydroxides, carbonates, oxides and
e) present in the structure of silicate materials.
Soil organic matter (SOM) includes the decomposition products of plants and 
animals, undecayed plants and animals and soil biomass. It also includes humic 
substances, specific organic substances (like sugars, polysaccharides and proteins). SOM 
plays an important role in the mobility of trace metals. This is the most important 
variable in speciation of metals in soil systems (Lee et al., 1996; Tipping et al., 2003). 
SOM has large surface area and has functional groups that are Lewis bases (like phenolic 
and carboxyl groups) (Sparks, 1995). The important constituents of SOM are living 
organisms, soluble biochemicals such as amino acids, proteins and carbohydrates and 
insoluble humic substances. Basically, the biochemicals and humic substances provide 
adsorption sites for metals. Insoluble polymers form a major portion of humic substances 
and they also contain complex mixture of functional groups. The humic substances in soil 
(dark brown amorphous/colloid substances that forms from plant/animal tissues) have 
good affinity for metal cations and is actively involved in the mobility o f metals and 
radionuclides in the environment. The mechanisms involved for humic substances and 
metals include ligand exchange, anion/cation exchange, physical sorption and chelation. 
The effect of organic matter on metal fractionation is pH-dependant. At high pH the 
formation o f soluble organo-metallic complexes can increase the solubility o f metals 
(Gregson and Alloway, 1984). With an increase in soil organic matter, pH and clay 
content, the solution concentration of most cationic trace metals decreases due to 
adsorption (McBride, 1994). Soil organic matter, Fe and Al hydrous oxides and clay 
content are the most important factors affecting sorption reactions (Barry et al., 1995). 
Jenne (1968) has reported that Fe and Mn oxides control the mobility of metals in soil and 
water.
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Adsorption is an important factor affecting the bioavailability of metals in soils. 
Different mechanisms like cation exchange (non specific adsorption), co-precipitation, 
organic complexation and specific adsorption are involved in adsorption process. 
Additionally cation exchange capacity (CEC) of the soil and redox potential also 
influences the metal mobility. The organic compounds in soils contribute to the cation 
exchange capacity of soil due to their high adsorption properties at pH > 5. In general, the 
higher the CEC of soil, the higher is the sorption o f the metals. The specific adsorption 
involves the exchange of metal cations with surface ligands forming covalent bonds with 
lattice ions. Several toxic metals occur in soils in more than one oxidation state, in 
particular Fe, Cu, Mn, As, Cr and Pb. When soil redox conditions change, the ratio of 
oxidised to reduced species in solution will also change. Generally, metals are less 
soluble in their higher oxidation states. For the trace metal solubility, both redox and pH 
play an important role. Apart from pH, soil organic matter also plays an important role in 
redox reactions. Stronger complexation with the functional groups in organic matter may 
stabilise some oxidation states of the metals, inhibiting redox reaction which would 
otherwise occur rapidly (McBride, 1989).
Co-precipitation is the simultaneous precipitation of a chemical agent with other 
elements. Metals can also become part of the mineral structures like Mn-oxides and 
goethite and the process is pH dependant (Alloway, 1995). Most of the organic matter 
present in soil is comprised of humic substances. The interaction between metals and 
humic substances has been termed as chelation, adsorption and complexation. Heavy 
metals have strong affinity for organic matter especially humic substances. Humic 
substances and some organic ligands can form chelate complexes with metals resulting in 
adsorption to the structure (Alloway, 1995). For most of the heavy metals, the mobility is 
reduced by increasing the soil pH (to around 6.5-7.0) due to precipitation as insoluble 
carbonates, hydroxides and organic complexes. Although for metals like Mo, Se and As 
(metalloid) the mobility increases with increasing pH. The presence of the inorganic 
anions (like carbonates, sulphide) in the soil water can influence the soil's capacity to fix 
the metals chemically. These inorganic ions form insoluble phases with metal ions and 
cause metals to precipitate/desorb in their presence. In turn, the fate and mobility o f the 
metals in soil is dependant on the chemical form and its speciation (Allen et al., 1991). 
The oxidation states of metals like Cr and metalloids like As, and Se determine their 
mobility, toxicity, and availability to plants. Cr (VI) is mobile, less adsorbed by soil and 
is toxic. On the other hand, Cr (III) is strongly adsorbed by soil, relatively immobile and
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is less toxic. The most important factor affecting the accumulation and transport of 
metals in the environment is their sorption from aqueous solution onto solid phases. 
Complexation, adsorption and precipitation are the probable mechanisms for sorption of 
metals in soil.
3.2 Metals in Sewage Sludge Amended Soils
Sewage sludge has been used in agriculture for many years, because it contains 
significant amounts of organic matter and macronutrients (Cogger et al., 2004). It is also 
used in agriculture due to the presence of high amounts o f N and P for plant growth 
(Wong and Su, 1997). Nitrogen availability is more dependent on the sludge treatment; 
untreated liquid sludge and dewatered treated sludge releases nitrogen more slowly with 
the benefits to crops. From an agricultural point o f view, the greatest concern is the high 
concentration of metals such as Zn, Cd, Pb, Cr and Ni in sludge. These metals will be 
adsorbed by soil to depth at the point of incorporation (Logan et al., 1997; Krebs, 1998). 
Toxic heavy metals in sludge-amended soils and the crops grown on them have been 
studied extensively because of the tendency of the metals to accumulate in soils and to be 
assimilated by plants. Sewage sludge usually contains much more zinc, copper, nickel, 
cadmium, chromium and lead than normal soils. However, chromium and lead are 
insoluble in sludge-treated soils that they might be unavailable to plants and cause any 
adverse effects (McGrath, 1987). Lead is a problem for grazing animals and children due 
to direct ingestion of soil and its subsequent solubilisation in gastric juices.
Disposal of significant amounts of sewage sludge in landfills cause serious 
environmental problems. As an alternative, sewage sludge is used as an agricultural 
fertiliser due to the presence of high organic matter and nutrients. Land application of 
sewage sludge improves many physical properties of agricultural soils such as water 
holding capacity, aeration and porosity. However, toxic elements such as heavy metals 
and organic contaminants in sewage sludge, can affect soil quality and be transmitted via 
crops and grazing animals to the food chain.
The Sludge (Use in Agriculture) Regulations 1989 (as amended) implement the 
EC Directive 86/278/EEC on the protection of the environment, and in particular soil, 
when sewage sludge is used in agriculture. New requirements were set out in "The Safe 
Sludge Matrix", a voluntary agreement which was made in 1998 between Water UK and 
the British Retail Consortium. The EU legislative limits on metals in sludge-treated soil
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are designed not only to protect human health but also crop growth and health. The UK is 
encouraging landfill reduction targets for biodegradable wastes. A balance is required 
between beneficial properties that sewage sludge can provide to agricultural land (or to a 
brownfield for remediation) in terms of providing organic matter, nutrients and protecting 
the long term health of plants and soils. Recycling sewage sludge for the remediation of 
brownfield land or applying it on to an agricultural land is the best practice provided it 
should not compromise the future sustainable use of soils. As it is a good source of 
nutrients and organic matter, around 65% of the sewage sludge is recycled in England and 
Wales for agricultural uses. The application o f sewage sludge to land in member 
countries of the European Economic Commission (EEC) is governed by Council 
Directive No. 86/278/EEC (European Communities, 1986). This Directive prohibits the 
sludge from sewage treatment plants from being used in agriculture unless certain 
requirements are met, including the testing of the sludge and the soil.
Using large amounts of sewage sludge on soil may give rise to an increase in the 
concentration o f metals that would be toxic to plants grown on the soil. The concentration 
o f metals in sewage sludge depends on several factors such as the origin o f sewage sludge 
(industrial wastes have higher concentrations of metals than residential waste) and sludge 
pre-treatment processes (raw versus aerobically or anaerobically treated). Heavy metal 
availability in sludge treated soils depends on critical parameters like organic matter 
content and pH. The distribution of metals in different fractions in sludge-soil system is 
dependent on specific characteristics of each metal, soil, sludge and also on pH, organic 
matter and clay content. Organic matter is one of the important factors influencing the 
solubility o f metals in sludge-amended soils. Depending on the type of organic 
compound present, the mobility of metal may be increased or decreased (Alloway and 
Jackson, 1991). The plants might take up metals in labile form from the sewage sludge 
when applied onto the soil. Sludge must be analysed for the parameters such as pH, dry 
matter (%), organic matter (%), Cu, Ni, N, Cd, Pb, Hg, Cr, Mo, Se, As, F, Zn (all mg kg"1 
dry solids) and total P (% dry solids). Analysis of Mo, Se, As and F may be reduced to 
not less than once in five years provided their concentrations in the sludge are not greater 
than : Mo (3 mg kg"1 dry solids), Se (2 mg kg' 1 dry solids), As 2 (mg kg"1 dry solids) and F 
(200 mg kg"1 dry solids) (Pescod, 1992). The ability of metal to change its chemical form 
to water soluble forms depend on the species that is exists in sludge. The mobility and 
bioavailability of metals from sewage sludge, when applied to soil can be forecasted by 
performing sequential extractions (Flyhammar, 1998; Su and Wong, 2003).
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Sequential extractions help in determining the chemical form o f sludge-born 
metals in soils and the importance of sludge organic and inorganic matter in retention of 
toxic metals. These extractions help in determining the percentage o f water soluble, 
exchangeable and easily soluble forms in the total metal content in sludge amended soils. 
However, the total metal concentration does not reflect on the metal bioavailability, 
mobility and reactivity in sludge amended soils. The bioavailability of sludge-borne 
metals depends on the soil properties (Merrington et al., 2003). This is the reason behind 
the lack of accumulation of metals in certain sludge-amended soils. It has been reported 
that the availability of metals will be greatest following sludge application to soil due to 
the degradation of readily degradable organic matter and dissolution of unstable inorganic 
compounds (Smith, 1996; Alloway and Ayres, 1997).
Plants grown on sandy soils might be affected by the metals due to the low 
adsorption capacity of sludge amended sandy soils (Shata et al., 1990). Weggler-Beaton 
et al., (2000) have reported that sludge properties such as pH, electrical conductivity and 
ionic strength indirectly affect the potential availability o f sludge-borne metals. The 
chemical form of heavy metals in sludge amended soils is influenced by the amended soil 
condition over time and the change in sludge composition. Due to the presence of heavy 
metals and other toxic compounds in sewage sludge, it is very essential to carry out its 
toxicity evaluation by chemical characterisation and biological testing before its 
utilisation for land application.
In soils, phytotoxicity, bioavailability and risk of leaching of heavy metals to 
groundwater is controlled by specific metal species. In addition, the chemical conditions 
in the rhizosphere soil can be influenced by root activity. In order to estimate the 
potential risks and effects associated with metal concentration in soils, the fraction of 
metals that is bioavailable must be identified. Bioavailability is the proportion o f total 
metals that are available for incorporation into biota. The total metal concentration does 
not necessarily correspond to bioavailability. The following section on heavy metals in 
plants focuses on the speciation of metals in soils, its uptake by plants and deficiencies 
caused by them in plants.
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3.3 Heavy Metals in Plants
Knowledge and importance of certain trace elements for healthy growth and 
development of plants dates from the last century. The 8 trace elements that are essential 
to plants are B, Co, Cu, Mn, Mo, Se, V and Zn (Pais and Jones, 1997). These elements 
cannot be substituted by other elements in their specific biochemical roles and have a 
direct influence on the organism. If the contribution of an essential trace element is 
insufficient, the growth of the plant is stunted or abnormal and its further development is 
hampered. The metals that are essential to humans are sodium (Na), magnesium (Mg), 
potassium (K), calcium (Ca), chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co), 
copper (Cu), zinc (Zn), selenium (Se) and molybdenum (Mo). There are other non 
essential metals of which some cause health hazards to humans as a result of 
environmental pollution. These are mercury (Hg), lead (Pb), cadmium (Cd), and arsenic 
(As) (Berglund et al., 1984). The mineral nutrition of higher plants is of fundamental 
importance to agriculture and human health. Heavy metal cations such as Cu+2, Zn+2, 
Mn+2, Fe+2 and Ni+2 are important for plant metabolism. However, if  they are present in 
excess, these can become extremely toxic for the plants.
Some heavy metals at low concentrations are essential to plants but in higher 
concentrations they lead to metabolic disorders and inhibit plant growth (Fernandes and 
Henriques, 1991; Claire et al., 1991). Certain plants have the ability to accumulate heavy 
metals which have no known biological function (Hanna and Grant, 1962; Baker and 
Brooks, 1989). These include Cd, Cr, Pb, Co, Ag, Se and Hg. Plants distribute metals 
internally in different ways. They may accumulate metals in roots and stems or store 
them in non toxic forms for later distribution and use. The processes of heavy metal 
uptake from soil by plants are direct absorption across root epidermis, via an organic or 
mineral-organic complex, via exchange mediated chemical processes and release of 
organic chelates by the plant itself and by rhizosphere microorganisms (Martin and 
Coughtrey, 1982). To be detectable in plants the pollutant source must significantly 
increase the bioavailable metal concentration in soil. The plant uptake o f metals is 
dependent on factors such as the movement of metals from soil near to the root zone, 
metals diffusing through the membrane o f roots (endodermal cells), transport o f the 
element from the epidermal cells of roots into xylem, from where the solution of elements 
are transported from root to the shoot and possible mobilisation from leaves to other parts 
like seeds, fruits, tubers and so on.
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One o f the most important factors for governing the bioavailability of metals is the 
solubility of the metal associated with the solid phase. For the root to take up, the soluble 
metal species should be available adjacent to the root membrane for a certain period of 
time. The availability of metals to plants depends on the nature of the metal species, soil 
characteristics and their interaction with soil colloids. Soil characteristics like pH, organic 
matter, moisture content affects the availability of metals to plants and also affects the 
speciation of metals. Fotovat et al., (1997) reported that the concentration of metals and 
their speciation vary with the moisture content of soil and also composition of soil 
solution. Apart from this, the nature of plant species also influences the bioavailability 
factor. The bioavailability o f metals also depends on factors such as the species of the 
metal, its interaction with soil colloids, soil characteristics and duration of contact with 
the surface binding these metals. The capacity of plants to accumulate metals varies with 
the nature of metals as well as plant species. Plant roots can secrete compounds such as 
organic acids that will modify metals' physical and chemical characteristics (Nigam et al., 
2000). The fractions associated with soil solution and adsorbed to inorganic soil 
constituents are readily available for plant uptake. Some metals such as Pb can occur as 
precipitate and hence less bioavailable. Some metals like Cd and Zn are associated with 
exchangeable fractions and hence readily bioavailable. The immediate zone o f a plant 
root is rhizosphere and extends only up to 1-2 mm from the root surface. There will be 
numerous microorganisms that depend on the release of organic and inorganic material 
from the root.
The organic compounds such as acids and chelates are exuded by the 
microorganisms that enable roots to mobilise some of the metals. Metals such as Fe, Cu 
and Zn that readily form chelates can be made available to the plants in this way. Sarkar 
and Wyn Jones (1982) found that French beans took up increasing amounts o f Zn, Fe and 
Mn by increasing the rhizosphere acidity. Acidity caused by metabolic products such as 
H2CO3 was suggested as the possible reason for the increase in the metal uptake of metal 
carbonates that become increasingly soluble as soil pH decreases (Xian and Shokohifard, 
1989). The metal complexation that occurs in the rhizosphere area also affects the 
absorption of metals by plants. Plants use two different mechanisms to deal with high 
metal concentrations near their roots:
a) Internal tolerance mechanism that immobilises/detoxifies the metal by producing metal 
binding compounds
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b) Avoidance mechanism by which transport of metals from root to shoot and uptake 
mechanism are restricted (Rauser, 1995; Marschner, 1995; Kupper et al., 1999).
Complexation of ions was suggested as the physiological mechanism responsible 
for mobility o f ions in the plant (Tiffin, 1977). The soluble metals species within the soil 
solution are available for plant uptake. Despite the fact that the uptake o f metals increases 
due to decreasing pH (Brown et al., 1994), it is the complexing capacity of organic acids, 
rather than their capacity to decrease pH which affects the mobilisation of metals in soil 
and their subsequent uptake by plants (Bernal et al., 1994; McGrath et al., 1997; Gupta et 
al., 2000). Some plants release metal chelating or reducing compounds into the 
rhizosphere to help in the adsorption of Fe and Zn, when they are in low quantities 
(Marschner, 1995). It is thought that the metal accumulators may increase the solubility 
o f metals by releasing chelators from the roots. The speciation of trace metal such as Cu, 
Mn, Ni, Zn and Fe in acid and alkaline soils in aerobic soils is shown in Table 3.1.
Table 3.1 Speciation of trace metals in aerobic soils (Johnston, 2005)
Element Acid soils Alkaline soils
Cu (II) Org, Cu CuC03> Org
Mn (II) Mn+2, MnS04> Org Mn+2, MnS04>MnC03)MnHC03+
Fe (II) Fe+2, FeS04, FeH2P04+ FeC03, Fe+2, FeHC03+, FeS04
Zn (II) Zn+2, ZnS04 ZnHC03+, ZnC03, Zn+2, ZnS04
Ni (II) Ni+2, NiS04, NiHC03+ NiC03, NiHC03+, Ni+2
Transition metals are essential to plants due to their ability to donate and accept 
electrons. Metals such as Fe and Cu occur as components o f proteins that catalyse redox 
reactions. Zinc also plays a major role in transcription factors (sequence-specific DNA 
binding factors) and as a cofactor of RNA (Ribose Nucleic Acid) polymerase. The 
capability of metals to transfer electrons in excess will make them toxic to plants as they 
result in the production of toxic reactive oxygen species (oxidative stress).
Davies (1991) reported that the response of trees to metals could be used as an 
indicator to assess the degree of metal toxicity o f a site. Metal deficiency in plants leads 
to changes in their morphological structure. Zinc, copper, iron and manganese are
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essential nutrients for vegetation and have to be present in sufficient quantities for healthy 
growth of plants. Copper plays a major role in the production of chlorophyll; respiration 
and protein synthesis but plants need Cu in small amounts. Copper is strongly bound to 
organic matter. Soils such as peat soils and mineral soils rich in organic matter (6% to 
10%) can cause copper deficiency. The availability of copper to plants is reduced as pH 
rises to 7 or above. Copper is the most toxic of the transition elements due to its redox 
properties. Copper concentrations in plants range from 5 to 20 pg g"1 DW' 1 (Wintz et al., 
2002). Plants that are deficient in copper have stunted growth and small leaves. It also 
causes reduced root elongation and branching (Foy et al., 1978). The adsorption of Cu+2 
by plant roots is influenced by pH o f the soil solution (Alloway, 1990). The deficiencies 
of different elements in plants and their symptoms have been described in Table 3.2.
Table 3.2 Deficiency symptoms of elements in plants (Kabata-Pendias and Pendias, 1984)
Element Symptoms
Nitrogen Stunted growth, yellowing of foliage
Zinc Interveinal chlorosis, reduction in leaf size, shortening o 
intemodal length
Copper Stunted growth with small terminal leaves, wilting, 
melanism and chlorosis
Manganese Interveinal chlorosis, reduction in leaf size, chlorosis of 
young leaves
Iron Interveinal chlorosis, reduced green colour of leaves
Molybdenum Yellowing between leaf veins, twisted young leaves
Zinc is also an essential element for plants. Higher plants absorb Zn as Zn+2 
divalent cation that acts as either metal component of enzymes or as a functional, 
regulatory or structural cofactor for a large number of enzymes. Plants deficient (< 10-20 
mg kg'1 dry matter) in zinc show interveinal chlorosis, stunted growth and malformation 
of stems and leaves. In the soil solution, Zn occurs as free ions (Zn+2) and organo-zinc 
complexes, secondary minerals and insoluble complexes in solid phase o f the soil and 
exchangeable and adsorbed Zn in the colloidal fraction of the soil. Zn+2 predominate 
below pH of 7.7 and ZnOH+ dominates above this pH. Zn(OH)2 exists above pH 9.11 as 
neutral species. Plant roots absorb Zn+2 but several other species like Zn organic chelates 
may also be absorbed. Zinc is considered as least toxic of the potentially toxic trace
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elements (Balsberg-Pahlsson, 1989). A high concentration of zinc leads to blockages in 
xylem vessels. On the other hand, metals such as cadmium, nickel and lead are not 
beneficial for plant growth. If they are present in large quantities in soil, toxic effects on 
vegetation were observed (Dixon, 1988). Cadmium is readily taken up by vegetation and 
the uptake increases with increasing concentration in soil (Balsberg-Pahlsson, 1989). 
Deficiency o f cadmium results in the reduction of chlorophyll content, poor root 
development and reduced fertility. This is due to inhibition of nitrogen and phosphorus 
mineralisation (Kelly et al., 1979).
Arsenic concentration in plants varies from less than 0.01 mg kg'!to 5 mg kg'1 (dry 
weight basis). Plants grown in arsenic contaminated soils have higher residues than plants 
grown in normal soils. For untreated vegetation, arsenic concentrations are less than 5 
ppm (dry weight) or 0.5 ppm (fresh weight). The UK statutory limit o f arsenic in 
vegetables is 1 mg kg'1 (fresh weight) (Arsenic, 1997). Different species of arsenic show 
different levels of toxicity to plants. If the content of easily soluble arsenic is present in 
high quantities it will be more toxic to plants than compared to low quantities o f easily 
soluble arsenic. Only the bioavailable fraction of arsenic to plants should be taken into 
account when determining the toxicity (NRC, 1997). The phytotoxicity of arsenic 
decreases in the following order: water soluble > calcium arsenate-aluminium arsenate > 
iron arsenate. In sandy soils, there might be downward leaching of arsenic and in heavier 
soils, little leaching is likely. As (III) is more toxic to animals and plants than As (V) 
(NRC, 1997).
Mobility of heavy metals and metalloids in soils is used to estimate the risk of 
contamination of other environmental aspects. The study of metal distribution in the soil 
could provide information on the mechanism regulating their mobility and their speciation. 
The following section discusses in detail the chemistry of arsenic, copper and cadmium, 
their speciation in soil and factors affecting their mobility. The species of these chemicals 
under different ambient temperatures, their toxicity and mobility are also discussed.
3.4 Chemistry of Heavy Metals and Metalloids
3.4.1 Arsenic
Arsenic is a naturally occurring element that has both metallic and non-metallic 
properties. It is highly toxic, belongs to group 15 of the periodic table with atomic
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number 33 and atomic weight 74.91. Arsenic is a semi-metallic element and its behaviour 
in soils resembles more that of group VA elements than that of heavy metals. The normal 
concentrations o f arsenic in soils range from 1-40 mg kg'1 (Alloway, 1995). Higher levels 
of arsenic in soils can result from industrial activities, application of pesticides and other 
anthropogenic sources. Arsenic occurs as a major constituent in various minerals 
including elemental arsenic, sulphides, oxides, arsenites and arsenates. Arsenopyrite 
(FeAsS), Realgar (AS2S2) and orpiment are the most important of these minerals. Arsenic 
may also be found bound to the organic matter in soils. Once the organic matter 
undergoes oxidation, arsenic is released into soil solution and is available for plant uptake 
or fixation by soil cations (Crafts and Rosenfels, 1939). Interestingly, many 
organoarsenic compounds are less toxic than inorganic arsenic compounds. High 
concentrations of arsenic can inhibit nitrification and might also inhibit the growth of 
microorganisms in arsenate-rich soils. Arsenic occurs in -3, 0, +3, +5 oxidation states. In 
strongly reducing environmental conditions, elemental arsenic and arsine (-3) can exist. 
Under moderately reducing conditions, arsenite (+3) and under oxygenated conditions 
arsenate (+5) exists. In well drained soils, arsenic occurs as H2ASO4' oxyanion, if  the soil 
is acidic and HAsCV2 oxyanion, if the soil is alkaline. Inorganic arsenic species can also 
exist as arsenic sulphide (HASS2), elemental arsenic (As0) and arsine gas (ASH3) form.
Arsenic mainly exists as a pentavalant form A sO f3, which accounts for 90% of 
dissolved arsenic species in aerobic soils (O'Neill, 1995) or as trivalent (III) arsenite 
(AsCV). At natural pHs arsenite exists in solution as H3ASO3 and H2ASO'3, since the pKa 
values for arsenious acid are high, pKja = 9.2 and pK2a = 12.7. In terms of 
thermodynamic stability, the pentavalant (V) forms o f arsenic acid predominate at normal 
pH values of 4-8. Under anoxic conditions, As (III) is stable with mono-anionic H3ASO3 
and anionic H2AsO_3 species dominate below and above pH 9.22 respectively (Suthersan, 
1996). Oxyanions, behaving as acids in soil solution undergo ligand exchange 
mechanisms and on the surfaces of A f, Fe' and Mn-oxides and the adsorption is 
maximised at or around the pKja of the exchanging acid.
Speciation of arsenic in soil is influenced by pH and redox potential. As arsenic 
can lose or gain electrons in redox reactions, it appears in a variety of redox states in soil. 
In oxygenated waters (pH 5-12 that includes natural groundwater) As (V) is predominant 
existing in anionic form as H2ASO4", HAsCV2 or ASO4'3. Under subsurface conditions, 
two species of arsenic are predominant- As (V) and As (III). Pentavalent arsenate
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oxyanions H3ASO4, H^AsCM', HASO4'2, ASO4'3 occur at moderate or high Eh (Redox 
potential) and under reducing conditions (acidic and mildly alkaline) arsenite 
predominates. Generally, arsenite is more mobile and toxic than arsenate (Sun and Doner, 
1996). The pH of the soil also influences the mobility of arsenic species. At pH 5.8, 
arsenate is more mobile than arsenite and when pH changes from acidic to neutral and to 
basic; arsenite tends to be more mobile. Generally, the mobility of both the species of 
arsenic increases with increasing pH (Gulens et al., 1979).
Arsenite forms H3ASO3, H2ASO3', HAsCV2, HASO3'2 and ASO3'3. The effect of 
pH and Eh on the speciation and solubility of arsenic was studied by Masscheleyn et al., 
(1991) on an As contaminated site. At a redox potential of 200-500 mV, the solubility of 
arsenic was decreased and around 65% to 98% was in the form o f arsenate. Under low 
redox potential (0-100 mV), that is reduced conditions, the solubility of arsenic increased 
and due to the dissolution of iron hydroxides. In acidic soils, the surfaces of aluminium 
oxides/hydroxides and clay play an important role in arsenic adsorption and carbonates 
play a major role in arsenic adsorption if pH > 9 (Goldberg and Glaubig, 1988). Arsenate 
as well as arsenite undergoes specific adsorption on various charged surfaces in the form 
of ligand exchange (Fendorf, 1997; Grossl et al., 1997).
Oxyanions undergo ligand exchange mechanisms on variably charged surfaces AF, 
Fe“ and Mn-oxides. Adsorption is maximised at or around the pKja o f the exchanging 
acid. This is the reason why the oxidation state of arsenic becomes important (As (V) is a 
strong acid and As (III) is a weak acid). Other inorganic and organic ligands other than 
As (V) and As (III) undergo ligand exchange mechanisms and might compete with As for 
same adsorption sites. Inorganic ligands such as phosphate, molybdate, selenate and 
selenite compete for adsorption sites with arsenic. Iron, manganese and aluminium 
compounds are important in controlling mobility and cycling of arsenic in soil/water 
environment. There is some evidence that manganese oxides helps in transforming 
arsenite to arsenate (Hering and Kneebone, 2002). Chemically arsenate AsCV3 is an 
analog of phosphate PO4’3; it can uncouple substrate level phosporylation in the glycolytic 
pathway. Arsenite has a high affinity for sulfhydryl groups present in amino acids such as 
cysteine, and thus deactivates many enzymes involved in intermediate metabolism 
processes (Ehrlich, 1990). Similar to phosphate, the solubility of As (V) in solution is 
controlled by Fe and Al levels at low pH and Ca in alkaline conditions (Robins, 1980). 
The amount and strength of sorption of arsenic by mineral phases depends on the pH.
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Both arsenite and arsenate behave as oxyanions and their sorption is increased with 
decreasing pH. Arsenates get protonated and become less negative at lower pH values.
Organic matter, an important surface soil component may influence the redox 
transformation of arsenic thus affecting its toxicity and fate in soils (Dobran and Zagury, 
2005). Increasing organic matter content increases the microbial activity that has an 
impact on the cycling o f elements (Turpeinen et al., 1999). Redman et al., (2002) 
reported that dissolved natural organic matter influences the oxidation of soluble As (III) 
to As (V) and also mediated the reduction of soluble As (V) to As (III) under aerobic 
conditions. Lombi et al., (2000) reported that coarse textured soils are likely to release a 
higher fraction o f ready mobile arsenic than compared to fine textured soil, but can be 
released upon changes in subsurface environment. The maximum sorption o f arsenate 
occurs at low pH (usually 3-5) while maximum sorption of arsenite occurs at high pH 
(usually 7-9). The most common mobile forms of arsenic (AsCV, A sO f3, HAsOf2 and 
HAs03') are sorbed within a pH range of 7-9. At pH values above 10, the arsenic 
sorption capacity of most minerals and soil constituents is low. As discussed above, 
arsenite is more mobile and toxic than arsenate. When pH is less than 8, arsenite is less 
strongly bound than arsenate to various adsorbents. In alkaline conditions (above pH 9), 
all soluble species of arsenic are anionic among which As (III) predominates. Akins and 
Lewis (1976) used sequential fractionation procedure to examine the effects of pH (from 
4 to 8) on arsenic sorption by soils. They found that, at low pH (pH 4), Fe-As is the most 
abundant form followed by Al-As, whereas at high pH (pH 6- 8), Ca-As is the 
predominant form. This was found to be similar to the behaviour of P in soils, i.e. with 
Fe-P and Al-P dominating in acid soils and Ca-P dominating in alkaline and calcareous 
soils (Adriano, 2001). Acar and Alshawabekh (1993) indicated that desorption of 
arsenate (As (V)) from iron oxide surface becomes favoured as pH values become 
alkaline. The specificity with which As (V) and As (III) bind to surface functional groups 
indicates the significance of specific surface area. The typical plant/soil ratio for As in 
soil-plant system is 0.01-0.1 (Warren et al., 2003).
The point of zero charge (PZC) for a particular surface influences the adsorption 
of arsenic as well, as electrostatic repulsive forces can overcome some of the van der 
Waal’s attractive forces and the specificity of the adsorption reaction. Therefore, 
adsorption of As (V) and As (III) at pH above the PZC will be lower than at pHs below 
the PZC (Manning and Goldberg, 1996a; 1997a; 1997b; Xu et al., 1988). Although
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adsorbed arsenic in soil is less likely to be desorbed again, it might be desorbed when 
arsenic combines with Fe and Al oxides by hydrolysis, caused by the reduction o f soil 
potential. Apart from adsorption, precipitation of solid phase is another mechanism of 
removing arsenic from soil solutions. Usually in the acidic oxic and suboxic soils, Fe- 
arsenate (Fe3(AsC>4)2) may control As solubility, whereas in the anoxic soils, sulfides of 
As(III) may control the concentrations of the dissolved As in soil solutions.
3.4.2 Copper
Copper is a metal and belongs to group 11 of the periodic table with atomic 
number 29. It is an essential trace nutrient to plants and animals. It occurs naturally in 
soils and in a wide range of mineral deposits. Copper is required by both humans and 
plants for the nutrition. The amount of copper present in the soils depends on the parent 
rock types and other anthropogenic sources. The background concentration of copper in 
world soils ranges from 20-30 mg kg'1. Copper contamination arises from many 
industries such as water piping, casting, chemical equipment and pharmaceutical 
machinery. Mining, metal exhausts, smelters are all sources of copper contamination 
(Borg and Johnson, 1989). The use of copper containing fungicides, land application of 
sewage sludges and use o f copper in chemical industries also contribute to copper 
pollution in soil. Sewage sludges also have high in Cu and Zn contents. A typical copper 
content in sewage sludge is 850 mg kg' 1 dry weight. The impurities in fertilisers, 
pesiticides, wood preservatives and corrosion of metals from metal roofs and fences 
contribute to the non-point sources of metals (Alloway, 1995). A major amount o f this 
copper can be leached during rain or irrigation depending on the organic or inorganic 
constituents in soil (Reed, 1993). Copper can be adsorbed on to humic substances, clay 
minerals in soil or in the mineral structure of secondary minerals and amorphous Fe-Mn 
oxides as insoluble forms. Organic matter is an important constituent in the adsorption of 
copper in soils. Both humic and fulvic acids act as ligands for Cu (II) and the binding 
with fulvic acids is more soluble than humic acids (Howell and Gawthome, 1987). 
Complexes between organic matter colloids in solution and copper have been suggested 
by Igloria et al., (1997). This process o f complex formation increases the concentration of 
metals in the mobile phase, which allows their transport over long distances. The 
increasing mobility o f copper with decreasing pH has been suggested by Borg and 
Johansson (1989). They suggested that the mobility of copper was linked to the transport 
o f organic matter since copper was highly adsorbed to organic matter than soil solids. 
The forms of copper in soil include soil solution and exchangeable copper, organically
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bound copper, copper occluded on carbonate and hydrous oxide and copper weakly bound 
to specific sites.
More than other divalent metal ions, Cu+2 is strongly adsorbed by organic matter 
and soil oxides. The sorption of metals by organic matter is important process for Cu and 
Pb. Cu, Pb and Zn form stable soluble organic chelates in water, soil solution and in 
sludge-treated soils. In organic sludge-amended soils, Cu, Pb and Zn would be the mostly 
likely organo-metallic chelates in the leachate waters. For Cu, a pH change has less effect 
on its sorption at low concentrations than other metal ions (McLaren et al., 1981; 
Cavallaro and McBride, 1978). Organic matter and Fe/Mn oxides are the most important 
factors whereas clay minerals and CEC are less important for its sorption (McLaren et al., 
1981).
In some soil types, the presence of carbonates immobilises copper by providing an 
adsorbing surface or by buffering the pH (Dudley et al., 1991). The factors that affect the 
distribution of copper in soils are pH, organic carbon content, iron and manganese content 
and total metal content. The availability of copper to plants in acid soils is in the form of 
[Cu(H20)6]+2 and in neutral/alkaline soils it is in the form of [Cu(OH)2]°. It is likely that 
Cu exists in most soils as [Cu(H20)6]+2 ions that are occluded or precipitated or adsorbed 
at mineral surfaces by silicate and non silicate clays and as organically complexed ions 
(Lindsay, 1979; McBride, 1981; McLaren and Crawford, 1973). Cu+2 is present in 
solution below pH 6.9 and [Cu (OH)2]° above pH 7 (Lindsay, 1979). The typical 
plant/soil ratio for Cu in soil-plant system is 0.1-1.0 (Alloway and Jackson, 1991).
3.4.3 Cadmium
Cadmium belongs to group IIB of the Periodic Table and is a relatively rare metal. 
Cadmium is a toxic trace element that accumulates in soils due to both natural and 
anthropogenic sources. Anthropogenic sources include aerial deposition, sewage sludge, 
manure and phosphate fertiliser application. Cadmium is relatively less mobile in soils 
compared to air and water. pH, soluble organic matter, clay content and organic- 
inorganic ligands affect cadmium speciation, adsorption and distribution in soils (OECD, 
1994). Cadmium concentration in Earth's crust is reported to be in the range o f 0.1 mg kg'
1 (Heinrichs et al., 1980; Bowen, 1979). In England and Wales, a survey of 2276 soil 
samples have shown a mean Cd concentration o f 1.2 mg kg'1 and a median o f 0.9 kg' 1 
(McGrath, 1986). Metal sorption on to the solid phase of soils may be increased if
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complexation with organic ligand results in an aqueous metal-ligand complex that has 
good affinity for soil and solid phase (McBride, 1985).
The factors affecting the concentration of cadmium dissolved in solution phase of 
soils is necessary to understand the behaviour of cadmium in soils. Cadmium in the 
solution may exist as free, hydrated ions and as dissolved species complexed with organic 
or inorganic ligands. The free Cd+2 ion gets adsorbed onto the surfaces of soil solids than 
neutral or anionic species. Cadmium occurs naturally in the form of CdS or CdCC>3. The 
most common forms of Cd+2, Cd (OH)2 solid sludge (Smith et al., 1995). At high pH, 
hydroxides and carbonate Cd (OHh, CdCC>3 forms dominate whereas Cd+2 and aqueous 
sulphate species are the dominant species at low pH (< 8). Under acidic conditions, 
cadmium may also form complexes with chloride and sulphate. Under reducing 
conditions, precipitation as CdS controls the mobility of cadmium (Smith et al., 1995). 
The typical plant/soil ratio for Cd in soil-plant system is 1-10 (Alloway and Jackson, 
1991).
3.5 Summary
There is a continuous inflow of metal and metalloid contaminants into the 
environment from both natural and anthropogenic sources. A variety of biotic and abiotic 
processes affects their speciation and distribution, including adsorption and desorption 
from mineral surfaces, incorporation of precipitates, release through the dissolution of 
minerals, and also interactions with plants and microbes. Some of these processes are 
responsible for release or transformation of different species of metals that may be more 
or less bioavailable to organisms. The availability of metals to plants is governed by 
various reactions that include complexation with organic and inorganic ligands, ion 
exchange, adsorption and precipitation. The toxicity of the metals depends partly on the 
speciation o f metals in soil solution. However, some metals are essential for plants at low 
level and toxic at high concentrations. In contrast to the excess of heavy metals in the 
soils, some agricultural lands have been found to be deficit in some o f the trace elements. 
They include heavy metals and metalloids. This problem is overcome by amending the 
soils with suitable concentrations of the deficit metals.
The next chapter presents a critical review of the relevant published research 
pertaining to the use of organic and inorganic amendments for the remediation o f metals
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contaminated soils. This chapter particularly refers to the laboratory and field studies that 
were conducted using organic and inorganic material for metal remediation, and their 
respective outcomes. The published work is extensive in nature and only a summary of 
the most important findings relevant for the thesis are reported here.
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CHAPTER 4
ORGANIC AND INORGANIC 
AMENDMENTS FOR THE REMEDIATION 
OF CONTAMINATED SOILS
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4 Introduction
With the increasing demand to protect air, soil and water from potential 
contaminants and through the research efforts o f the mining sector, continuous 
improvements in technology and management practices are being implemented. The use 
o f different organic/inorganic materials for remediating and re-vegetating heavy metal 
contaminated soils will be discussed in this chapter. An overview of current knowledge 
on the immobilisation capacities o f these materials as well as their influence on plant 
growth is described in detail in the following sections. This chapter is subdivided into 
sections presenting case studies on the use of composted organic amendments, zeolites 
and industrial waste by-products as published by the author of this dissertation (Gadepalle, 
2007).
The purpose of sequential extractions used and the methodology is explained in 
detail in chapter 5. However, a note on the sequential extraction is included here in order 
to give the reader a brief overview. Sequential extractions are designed to dissolve the 
fraction of metals in the soil samples associated with a particular component, such as 
water/acid soluble and exchangeable, generally referred to as fraction 1, Fe-Mn oxides 
(fraction 2), organic matter and sulphides (fraction 3) and residual fraction (fraction 4). 
Sequential extractions used are of great value in predicting the likely behaviour of metals 
especially in terms of bioavailability.
4.1 Composted Organic Soil Amendments for Remediation of Contaminated Soil
Addition of organic matter to contaminated soils has been used for many centuries 
to improve soil fertility, enhance re-vegetation and decrease the plant availability of toxic 
metals (Williamson and Johnson, 1981; Abbott et al., 2001). The addition of organic 
amendments to soils can reduce heavy metal bioavailability by changing them from 
bioavailable forms to the fractions associated with organic matter or metal oxides or 
carbonates (Walker et al., 2004). Organic amendments can also improve soil aeration, 
water and nutrient holding capacities. Different kinds of organic amendments that have 
been used for the remediation of contaminated soil include manures, biosolids, sawdust, 
wood ash, composts derived from different source materials, sewage sludge, bark chips 
and woodchips. In the case of manure, only aged manure is used for soil remediation 
purposes as fresh manure can harm plants due to high ammonia levels (Davis and Wilson, 
2005).
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4.1.1 Case Studies
The use of a range of composted organic soil amendments (municipal solid waste 
compost, biosolid compost, mature compost and cow manure) for restoring heavy metal 
and arsenic contaminated soils has been tested by various researchers (Cao et al., 2003; 
Cao and Ma, 2004; Clemente et al., 2003; Cala et al., 2005; Walker et al., 2004; Kiikkila 
et al., 2002; Rate et al., 2004). For most of these experiments the uptake of heavy metals 
and arsenic by plants was reduced by the addition o f composted materials to the soil.
For example, Cao and Ma (2004) used carrot (.Daucus carota L.) and lettuce 
{Lactuca sativa L.) for their pot experiments grown for 10 weeks in arsenic spiked soil 
with or without compost in pot experiments. They showed that biosolid compost 
application (10% w/w) reduced plant uptake of arsenic in carrot by 79-88% and in lettuce 
by 86-96% compared to untreated soil. Arsenic was adsorbed by the organic matter from 
the compost and the fractionation analysis performed showed a reduction of arsenic in the 
soil water soluble, exchangeable and carbonate fractions of 45%.
Similarly, Cao et al. (2003) reported that dried municipal solid waste and biosolid 
compost amendments to As of spiked contaminated soil, at a rate of 50 g kg' 1 soil, 
reduced water soluble As and the uptake of arsenic by Chinese brake fern {Pteris vittata 
L.) grown on these soils. The authors hypothesised that arsenic adsorption onto the 
organic matter was responsible for the observed reductions. Previous studies have also 
demonstrated immobilisation of heavy metals through amendment of contaminated soils 
with a range of organic materials (Kiikkila et al., 2002; Walker et al., 2004; Castaldi et al., 
2005). Kiikkila et al. (2002) in their laboratory studies used nine different organic 
materials (composted sewage sludge, composted organic household waste, mixture of 
compost and woodchips, mixture of compost and bark chips, garden soil, birch leaves, 
bark chips, humus or peat) amended to a soil contaminated with Cu 1600 mg kg'1; and 
having Fe 6100 mg kg'1; Zn 160 mg kg'1; Pb 130 mg kg'1. Copper immobilisation, 
changes in microbial mass and microbial respiratory activity was studied. Exchangeable 
copper concentration was found to decrease after treatment with garden soil (GS), sewage 
sludge (SS), compost (C) and compost mixed with bark chips and woodchips (C-B, C-W 
respectively), but not in the treatments with bark chips, humus or peat, or control. The 
authors explained that the probable reason for this was formation o f complexes with 
particulate organic matter carried down into the underlying soil from the mulch. They
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assumed that significant amounts of particulate organic matter were released from SS, C, 
C-W, C-B and GS when the pH was above 6.
Other studies have examined the effects o f compost produced from olive leaves, 
olive husks and olive mill wastewater on metal mobility and plant availability (Walker et 
al., 2004; Castaldi et al., 2005). Compost produced from olive leaves and olive mill 
wastewater and cow manure were applied to pyritic (sulphide rich) soil contaminated with 
Cu 133 mg kg'1; Zn 521 mg kg'1; and Pb 220 mg kg'1, and containing 45713 mg kg' 1 of Fe. 
The effect of heavy metal bioavailability and vegetation growth was studied in their pot 
experiments in which Chenopodium album L. was grown. Air dry compost and cow 
manure were added at the rate of 27 and 26 g kg' 1 dry soil respectively. Their results 
showed that the compost amendment to the soil lowered tissue concentrations of Pb, Zn, 
Fe and Mn, although Zn and Mn were still toxic. Cow manure application reduced shoot 
concentrations of the heavy metals especially Zn and Mn by 91% and 95% respectively 
compared to non-amended control soils. The cow manure was effective in decreasing 
heavy metal bioavailability, as it increased the soil pH, and supplied essential plant 
nutrients. Castaldi et al. (2005) studied the effect of a 10% (w/w) amendment of compost 
produced from olive husks (50%), sewage sludge (25%) and vegetal waste (25%) in pot 
experiments on soil contaminated with very high total concentrations of Pb (19663 mg kg' 
!), Cd (196 mg kg'1) and Zn (14 667 mg kg' 1 . The amendment resulted in an 87% 
decrease in concentration o f Pb in the aerial part of the plant grown-white lupin (Lupinus 
albus L.) compared to the control samples. The concentration of Zn in the aerial part of 
plants grown in the compost amended soil was 31% lower than in the control sample.
Petruzzelli et al., (1998) demonstrated the use o f sludge derived from a paper 
industry water treatment system for the in-situ attenuation of heavy metals in soil of an 
old landfill both at laboratory and field scales. The paper mill sludge was composted with 
50% organic matter and talc, CaCC>3 and clay from the paper production units. Paper mill 
sludge was mixed with soil at a rate of 30% (w/w). Heavy metal mobile fractions, before 
treatment and six months after sludge application to the soil, were determined by 
sequential extraction procedures allowing evaluation of the water soluble, exchangeable, 
adsorbed and complexed metals in soil. After six months, the results of the EDTA part of 
the sequential extraction showed a decrease of 30-50% in the heavy metal mobile 
fractions. Reductions in concentration were: Cu, 35%; Zn, 42%; Ni, 30%; Pb, 51%; Cd, 
38%. The authors explained that the sorption sites were available on the solid phase of
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soil after sludge application. The authors concluded that the reduction of heavy metal 
mobility in the field was due to the increase in sorption ability of the soil matrix when it 
was amended with paper mill sludge.
A 30 month experiment was carried out by Perez-de-Mora et al., (2007) to 
evaluate the potential of different amendments for the reclamation of soil contaminated 
with metals. The amendments used were leonardite (LEO) (a kind of coal rich in humic 
acids), litter (LIT) (from a forest), municipal waste compost (MWC), biosolid compost 
(BC) (from wastewater sludge and green waste) and sugarbeet lime (SL). The pseudototal 
concentrations (aquaregia extractable) of metals were: As (120 mg kg*1), Cd (2.43 mg kg* 
l), Cu (78.3 mg kg*1), Pb (201 mg kg'1) and Zn (226 mg kg*1). Soil pH was 3.32. Each 
amendment was added twice initially (70-75 mg dw ha'1) for leonardite and composts; 50- 
60 mg dw ha*1 for sugar beet lime and litter) and again after 12 months (35-37.5 mg dw 
ha*1 for leonardite and composts; 25-30 mg dw ha' 1 for sugarbeet lime). The 
bioavailability tests were conducted by growing A.stolonifera L. The BCR sequential 
extractions of soil show that there was an increase of As in fraction 1 (exchangeable 
fraction) with the treatments SL, BC and MWC. This might be due to the increase in soil 
pH or availability of P from these amendments. But the overall concentration of As was 
low in fraction 1 indicating its low mobility. The fraction of As associated with the 
oxidisable fraction was below 1 mg kg*1 for all the treatments. Residual fraction 
represented the highest percent of As (73%-86%). The Cd concentrations in residual 
fractions were higher (70%) similar to the results of As. The mean concentrations in 
fraction 2 (Fe-Mn oxide fraction) were higher with MWC, but no significant difference 
was observed between amended and control treatments. In the oxidisable fraction, Cd 
concentrations were below detectable limit. Copper was significantly lower in all 
organically amended soils compared to control and SL both in fraction 1 and 2. In 
fraction 2, with MWC there was higher Cu concentration. The authors found in the trace 
element fractionation in amendments that MWC added significant copper to the fractions. 
However, there was a higher Cu in fraction 3 in all organically amended soils. Similarly, 
with MWC the concentration of Zn was higher in fraction 1. With SL and compost 
treatments, Zn concentration was higher in fraction 2. The authors noted that care should 
be taken with MWC as it has increased Zn and Cu concentrations.
There was an enhanced plant biomass with SL, MWC, BC and LEO treatments 
(Perez-de-Mora et al., (2006). All these treatments have also reduced trace element
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concentrations in shoots in the first year. This was attributed to a change in pH and a 
negative correlation was found between soil pH and trace element uptake by plants. 
Phytotoxic arsenic levels (3-10 mg kg'1) were reported in the control without amendment. 
Copper was well within the phytotoxic levels (25-40 mg kg'1). Lead and zinc 
concentrations were also lowered with all the treatments. Change in soil pH was quoted 
as the main reason for better performance of the amendments with respect to increased 
biomass and reduced bioavailability.
Yard waste compost was used to reduce bioavailable heavy metals and to establish 
plant growth in combination with fertiliser on soil from Cu-Zn minespoil by O'Dell et al., 
(2007). The compost amendment had a good Cu and Zn binding capacity (0.17 and 0.08 
g C'1 for Cu and Zn respectively). This was due to high compost humic and fulvic acid 
concentrations. The compost added was 0%, 10%, 20%, 30% (v/v). Around 220 mg L'1 
amendment levels of N, P and K were used. Compost amendment at greater than 20% 
and 10% (v/v) significantly increased shoot and root biomass production of B.carinatus. 
Compost amendment at 10% or higher, resulted in significantly reduced shoot and root Zn 
and Cu concentrations compared to the control. Cu was higher in roots than in shoots 
whereas for Zn, there was no significant difference between roots and shoots. All levels 
of compost amendments (10-30%) reduced Cu (5.1 mg kg'1) and Zn (25.5 mg kg'1) 
bioavailability. The amendment with 30% compost added with fertiliser resulted in 
healthy and vigorous plant growth. The yard waste compost rich in humic and fulvic 
acids effectively reduced bioavailable concentrations of Cu and Zn in the minespoil.
Another study involving paper mill sludge for reducing the metal bioavailable 
forms in contaminated soil was performed by Battaglia et al., (2007). The sludge was 
mixed at 9:1 soil-sludge (w/w) ratio. The bioavailability tests were conducted on 
Hordeum distichum L. The pH of the sludge was 8.4 and soil 7.6. Zinc and lead 
concentrations in the soil were 4774 mg kg'1 and 2796 mg kg'1. The addition of sludge 
decreased lead sorption onto Fe-Mn oxides (9% -ll%  compared to total metal in soil). 
The decrease corresponded to an increase (5%) in the fraction extracted with HNO3 
(present as sulphide and bound to organic matter not soluble in NaOH and also residual 
fraction (8%). A decrease in zinc ion that is free /associated with carbonate (8%-10% 
compared to total metal in soil) corresponded to an increase in fraction extracted with 
HNO3 (3%) and residual fraction (5%). The fraction extracted with HNO3 corresponds to 
metal binding with oxidisable compounds and residual fraction corresponds to non
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extractable ones. In the case of lead (which is present only in roots) a decrease of 50% 
was observed. In the case of zinc which was present in both roots and shoots the decrease 
was greater in roots. This was contributed to the decrease in mobile forms of both the 
metals in treated soils. The shift o f metals to more stable forms (oxidisable and non 
extractable) from sequential could be due to the organic matter and kaolinite in the 
sludge which binds the metals strongly. Due to the decrease in the mobile fractions of the 
metals, a reduction in bioavailability was observed.
Clemente and Bernal (2006) have studied the effects of humic acids extracted 
from two different organic materials on the distribution of heavy metals in two 
contaminated soils. The humic acids isolated from mature compost and a commercial 
peat were added to soil (pH 3.4; 966 mg kg' 1 Zn and 9229 mg kg'1 Pb) and to a calcareous 
soil (pH 7.7; 2602 mg kg"1 Zn and 1572 mg kg' 1 Pb). The humic acid was added at the 
rate of 1.1 g organic-C per 100 g soil. The humic acids were isolated from compost that 
has been obtained from mixture of olive leaves and solid fraction of olive-mill wastewater 
and from a commercial Spaghnum peat. In the acidic soil, the humic acids caused the 
immobilisation of Zn and Pb and increased their concentrations in the residual fractions 
(EDTA extractable). The authors suggested that the cation exchange capacity of the 
humic acids increased the exchangeable forms of these metals. Incubation experiments 
were carried out to determine the changes in the availability of metals in soils. In the 
acidic soil, Cu was slightly mobilised by the humic acids after 2, 8 and 28 weeks of 
incubation. Sequential extraction was carried out using 0.1 M CaCh (1:10 w/v) for 16 h; 
metals in soil solution and in exchangeable forms, 0.5 M NaOH (1:10 w/v) for 16 h 
followed by aquaregia digestion; metals associated with OM, 0.05 M Na2H2EDTA (1:10, 
w/v) 1 h; metals mainly in the carbonate fraction, digestion with aquaregia', residual 
metals.
It was observed that the Cu fraction increased with the NaOH-extractable fraction 
and decreased with EDTA extractable fraction with both humic acids and in the residual 
fraction with humic acid from compost. It has been suggested that Cu bonds easily with 
humic acids by adsorption with colloids (Pandey et al., 2000) and the carboxyl groups’ 
present play a role in Cu (II) binding (Gardea-Torresdey et al., 1996). In calcareous soils, 
Zn concentration in EDTA extractable fraction of humic acid treated soils was higher than 
in control soil. Treatment with humic acids were significant only for Cu; After 28 weeks 
of incubation, the percent of residual Pb decreased from 57.8 ± 6% and 57.5 ± 2.8% of
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total Pb in the control and humic acid from compost treated samples to 52.7 ± 2.8% in 
humic acid from peat treated samples. The authors attributed this to difference in total 
acidity of the humic acids, being higher in humic acid from peat (6.32 meq g'1 compared 
to 3.68 meq g'1 in humic acid from compost).
The addition of humic acids to the acidic soil caused Zn and Pb immobilisation, 
while Cu availability increased in the humic acid treated soils, due to the complexation by 
the soluble organic matter. In the calcareous soil, there was a slight increase in Zn, Pb 
and Cu availabilities and the addition of humic acid did not affect the distribution of 
metals in different soil fractions. The use of humic acids was successful in immobilising 
heavy metals in acidic soils. But the easily extractable fraction of metals such as NaOH- 
extractable Cu and CaCl2-extractable Pb and Zn was slightly increased.
Farfel et al., (2004) have studied the inactivation of soil Pb using biosolid compost. 
The biosolid compost used has high Fe and P and reduced the bioavailability and 
bioaccessibility of soil Pb and also helped in establishing vegetation. Soil lead 
concentrations above 800 mg kg' 1 were selected for the experiments. Soils were collected 
closest to the houses. The soil was amended with OrgroR biosolids compost (110-180 dry 
t ha'1 rich in Fe and P). Kentucky bluegrass (Poa pratensis L) was used for vegetation 
purposes. At one year post treatment, the reductions in bioaccessible Pb concentrations 
compared to pre-tillage were 64% (from 1655 to 595 mg kg'1) and 67% (from 1381 to 453 
mg kg'1). The biosolid was produced from composted woodchips and sawdust. The Fe 
content was 17.2 g kg'1 and P (mean = 16.4 g kg'1). The biosolid was mixed with 2.5% 
dolomitic limestone. The pH of the soil ranged from 5.5 to 7.4. The compost application 
was associated with a decrease in soil Pb concentration of 12-20%. The bioaccessible Pb 
fraction before biosolids compost amendment ranged from 65% to 78% of total Pb 
content. Samples were collected at Line 1—the drip line (sampling zones were divided 
into lines and the line closest to the house is drip line); Line 2 at a distance of 30 cm from 
the drip line; Line 3 at the middle of the yard; and Line 4 at a distance o f 30 cm from the 
property boundary. The Pb concentrations (pre-tilling) were higher at line 1 (2534 mg kg' 
!), line 2 (1767 mg kg'1) than at the middle of the yard (913 mg kg'1) and line 4 (658 mg 
kg'1). The percentage reduction in bioaccessible fraction from pre-tilling soil sampling to 
1-year follow-up was found to be 14% at the drip line (from 65% to 56%), 24% at line 2 
(78% to 59%) and absent at line 3 (68% to 69%) and line 4 (66% to 63%). After one year 
treatment, grass cover was healthy. Overall, there was reduction in bioaccesible Pb (tests
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have been followed for 3 years) after treatment compared to concentrations at the time of 
treatment.
In contradiction to the research described above where organic matter reduces 
bioavailability of heavy metals, some of the results from other authors show mobilisation 
of metals and an increase in plant metal uptake after application of composted organic 
amendments. Cao et al. (2003) reported that when biosolid compost was added to either 
acidic or neutral soil the adsorption o f As was increased by the organic matter in the 
compost resulting in a reduction of water soluble As. Dried municipal solid waste and 
biosolid compost, however, were mixed with chromated-copper-arsenate (CCA) soil and 
As spiked contaminated (ASC) soil at a ratio of 50g/kg soil. In this case, both municipal 
solid waste compost (MSW) and biosolid compost (BC) added on CCA contaminated soil 
with a neutral pH induced an anaerobic environment in the soil, which favoured the 
conversion of As (V) to mobile As (III) and facilitated the arsenic uptake by the fern. The 
fraction/concentration of As (III) in solution was increased from 9.7 to 20% and 24% for 
MSW and BC respectively.
Similarly, Rate et al. (2004) observed an increase in concentrations of plant 
available metals in soil amended with biosolids (sewage sludge derived material). 
Biosolids were applied at 0, 10, 25 and 50 dry t ha'1 (0, 17, 43 and 87 dry g kg"1 dry soil) 
and the soil was limed to pH 6. Ryegrass (Lollium rigidum L.) and subterranean clover 
(T. subterraneum L.) were used for greenhouse experiments. Results showed that with 
increasing biosolid application, Cd concentration in both plant roots and shoots increased 
significantly. A similar trend was observed with As, Co, Cr, Cu and Pb. These two 
examples demonstrate that care should be taken before contemplating application of 
organic soil amendments to metal contaminated soils. In the first case, the increased plant 
uptake o f As can be ascribed to the onset of anaerobic conditions but in the latter case no 
specific mechanism for the increased uptake is presented. This supports the need for 
more research to determine the mechanisms involved in metal mobilisation and 
immobilisation when organic soil amendments are added to As and metal contaminated 
soils.
Apart from the mobilisation of heavy metals and arsenic, it is also important that 
the addition of organic soil amendments increases the biomass production o f plants on 
contaminated soil. The following cases clearly indicate the potential beneficial effects of
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organic amendment on plant growth. Cow manure was shown to increase the biomass of 
C. album L grown on a pyrite contaminated soil (Walker et al., 2004). Similarly, biosolid 
compost amendment to a copper, chromium and arsenic contaminated soil has been 
shown to increase the biomass of carrot and lettuce by 3-5 times compared to the control 
(Cao and Ma (2004)). Other studies have shown an increase in the biomass production in 
Rosemary {Rosmarinus officinalis L.) and an increase in plant micro and macro nutrient 
status (Cala et al., 2005). The compost (made of (v/v) olive husks (50%), sewage sludge 
(25%) and vegetal waste (25%) increased the above ground plant biomass o f white lupin 
{Lupinus albus L) by a factor of 3.6 whilst root biomass increased by a factor of 5.6 
(Castaldi et al., 2005). Municipal biosolids, woody debris, pulp and paper sludge has also 
been shown to increase plant biomass from 0.004 mg acre' 1 in the control to a mean of 1.4 
mg acre' 1 in the amended plots (Brown et al., 2003). Rate et al., (2004) found that the 
total dry plant matter yield of ryegrass {Lolium rigidum L) and subterranean clover 
{Trifolium subterraneum L) was increased by the application of biosolids applied in the 
topsoil than the residue clay/sand. The uptake of N, P and K by plants is an added 
beneficial effect apart from metal immobilisation by the addition of organic matter.
The important observations by various researchers on the use of composted 
organic waste are illustrated in Table 4.0. It is very clear from the experiments that soil 
organic amendments discussed above play a significant role in reducing the plant 
bioavailability of heavy metals and arsenic. In the discussed cases, organic matter present 
in the amendments adsorbs the metals with the probable cause for the observed decreases 
in exchangeable metal concentration being due to the formation of complexes with 
particulate organic matter. Application of sewage sludge onto metal contaminated soil 
resulted in not only immobilisation and thereby reduction of bioavailability o f metals to 
plants, but also improved soil quality and enhanced sorption capacity of the soil matrix. 
pH also plays a significant role in metal plant availability and mobility in soils. 
Degradation of organic amendments usually increases acidity due to organic acids formed. 
A general trend observed is that acidic soil conditions favour the mobility o f metals and 
that the addition of amendments such as manures and composts increase soil pH which 
reduces metal availability. An onset of anaerobic condition has been shown to cause As 
to become more plant available whereas heavy metals are likely to produce reduced 
complexes with a low plant availability. For the latter reason, it can be recommended that 
for every soil, a potential organic amendment should be tested on its metal mobilising or 
immobilising behaviour before it is applied in the field at large scale.
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Table 4.0 Observations on metal immobilising capability o f composted organic waste
Immobilising agent Application
rate
Observation
Compost from olive husk 
(50%), Sewage sludge (25%) 
Vegetal waste (25%)
Castaldi et a l (2005)
10% 87% reduction in Pb in aerial parts of the 
plant Lupinus albus. Zn was 31 % lower than 
control sample in aerial parts of the plant. 
Biomass above ground was increased by a 
factor of 3.6 after adding the amendment.
Paper mill sludge 
Petruzzelli e ta l (1998)
30%
Decrease in metal mobile fractions: Cu, Zn, 
Ni, Pb and Cd-35%, 42%,30%,51% and 38% 
respectively.
Dried municipal waste and 
biosolid compost.
Cao et al (2003)
5%
Due to an increase in water soluble As and 
conversion of As (III) to As (V), mobilisation 
of As was observed.
Biosolids 
Rate et al (2004)
1.7%, 4.3%, 
8.7%
As, Co, Cu, Pb and Cr uptake by the plant 
increased. With liming, metals in plant tissues 
were lower than in unlimed soil. Liming 
(increase in pH) decreased bioavailability of 
metals or metal adsorption onto organic 
matter in biosolids.
4.2 Zeolites for Remediation of Contaminated Soil
This section deals with the utilisation of naturally occurring zeolites for in-situ 
remediation of metals in contaminated soils. The origin, structure and sorption 
mechanisms of zeolites have been explained in the following sections.
The term zeolite was coined in 18th century by a Swedish mineralogist Axel 
Fredrik Cronstedt. More than 150 types of synthetic zeolites and 48 naturally occurring 
zeolites are known. Zeolites are naturally occurring crystalline, hydrated aluminosilicates 
o f alkali and alkaline earth cations. They are formed in nature when water of high pH and 
high salt content interacts with volcanic ash causing a rapid crystal formation. They have 
a silicate framework consisting of interlocking tetrahedrons of SiC>4 and AIO4 (US 
7208610).
To be classified as a zeolite the molar ratio (Si + A l)/0 must equal half. Positively 
charged cations are attracted towards the negatively charged alumino-silicate structure 
within giving the zeolite a high cation exchange capacity (CEC). The framework
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consists of [Si04]‘4 and [A104]'5 tetrahedra linked at all comers through shared oxygen 
atoms. In the zeolite structure, the quadri-charged silicon is replaced by triply-charged 
aluminium resulting in deficiency of positive charge. This charge is balanced by the 
presence of mono and divalent ions such as Na+, K+, Ca+2 and Mg+2. The large vacant 
space in the zeolites allows space for large cation groups (sodium, potassium, barium and 
calcium) and even relatively large molecules and cation groups (water, ammonia, 
carbonate ions and nitrate ions) to enter.
These spaces are interconnected in some zeolites and form wide channels of 
varying sizes depending on the type of mineral. These channels allow the easy movement 
of the resident ions and molecules into and out of the structure. One of the important 
characteristics of zeolites is their ability to both lose and adsorb water without damage to 
their crystal structures. These characteristics make zeolites useful compounds for soil 
remediation purposes. The empirical formula of zeolite is M2znO.Al2O3.xSiO2.yH2O 
(Hawkins, 1983) where M is any alkali or alkaline earth atom, n is charge of the atom , x 
is any number from 2-10 and y is any number from 2-7. The difference between natural 
and synthetic zeolites is that the latter are manufactured from energy consuming 
chemicals and natural ones are processed from natural ore bodies. Synthetic zeolites have 
silica to alumina ratio of 1 to 1 whereas clinoptilolite zeolites have a 5 to 1 ratio 
(Lenntech, 1998). Synthetic zeolites do break down in mildly acidic environments 
whereas naturally occurring clinoptilolite zeolites do not. Some of the commercially 
available zeolites are A, beta, mordenite, Y and ZSM-5.
4.2.1 Applications of Zeolites
The major applications of zeolites are adsorption, ion exchange and catalysis. 
Zeolites are used to adsorb a variety of materials and have been used in Japan for a long 
time for improving soil quality. Farmers used to add zeolites to soil to increase pH and to 
retain ammonium (Dwyer and Dyer, 1984). Ion exchange is the exchange of ions 
between a liquid phase and a porous solid that may be synthetic or natural. Natural 
zeolites remove cations from aqueous solution by ion exchange. Clinoptilolite, a naturally 
occurring zeolite, has received extensive attention due to its affinity for heavy metal 
cations such as cadmium, nickel and lead (Ouki et al., 1994; Tsitsishvili et al., 1992; 
Malliou et al., 1994). Clinoptilolite has the chemical formula Na0.1Kg.57Ba0.04 
(Al9.3iSi26.83072)* 1 9 .5 6 ^ 0  (Galli et al., 1983). The aluminium ion is small enough to
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occupy the centre of the tetrahedron of the four oxygen atoms and isomorphous 
replacement of Si+4 by Al+3 produces a net negative charge in the lattice.
Positively charged cations are attracted towards the negatively charged alumino- 
silicate structure within giving the zeolite high cation exchange capacity (CEC). The 
zeolite framework has Al and Si bound to each other through shared oxygen atoms. Si04 
are neutral (Si+4/40 ') and AIO4 has negative charge (Al+3/4 0 ‘). The net negative charge is 
balaenced by the cations that are present during the synthesis. The large vacant space in 
the zeolites allows space for large cation groups (sodium, potassium, barium and calcium) 
and even relatively large molecules and cation groups (water, ammonia, carbonate ions 
and nitrate ions) to enter. Clinoptilolite, chabazite, and phillipsite are natural zeolites that 
have been evaluated as sequestering agents for environmental cleanup (Ming and 
Mumpton, 1995; Tsitsishvili et al., 1992). The ability of these materials to immobilise 
contaminants in polluted soils has been extensively tested (Shanableh and Kharabsheh, 
1996; Edwards et al., 1999) and waters (Pansini et al., 1991; Ruiz et al., 1997; Moreno et 
al., 2001; Ouki and Kavannagh, 1999). As they tend to have a high CEC, zeolites have 
been identified to be good candidates for the remediation of metals in soils and effluents 
(Shih and Chang, 1996; Curkovic et al., 1997; Chang and Shih, 2000; De Gennaro et al., 
2003).
Clinoptilolite selectivity for various heavy metals has been studied showing that 
Cu, Zn, Pb, Co, Mn and Ni are strongly adsorbed (Blanchard et al., 1984; Ouki and 
Kavannagh, 1997). The porous structure of zeolites can be used to "sieve" molecules 
having certain dimensions and allow them to enter the pores. The ion exchange capacity 
is directly related to the quantity o f aluminium present in the framework. In such cases, a 
low Si/Al ratio (or high Al concentration) favours this process. Cations with high charges 
and small radii are preferred for the zeolite. In some cases, cations with larger radii and 
with high charges may not be exchanged due to steric factors due to the molecular 
dimensions displayed by the zeolites. The ion exchange is also favoured by temperature 
(Breck, 1984). The selectivity for different ions is determined by various factors such as 
the charge and geometry of the framework, size o f the ions and temperature (Dyer, 1988). 
The exchange efficiency depends on the micro porosity and exchange capacity o f a 
particular zeolite (Sponer et al., 2001). Barros et al., (1995) reported that natural zeolites 
with exchangeable cations require a pre-treatment which tends to replace them by only 
one kind of cation. This results in improved zeolite exchange capacity leading to ion 
exchange by more aluminium ions.
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Both natural and modified zeolites can remove multiple contaminants from water 
and soil due to their exchange capacity and selectivity towards inorganic cations such as 
Cu, Cd, Zn and Pb, inorganic anions such as chromate and other organic molecules 
(Shanableh and Kharabsheh, 1996; Lee and Moon, 2001). The adsorption phenomena of 
zeolites depend on the charge density of the cations and the diameter of hydrate cations is 
an important factor. Although the charge of cations is the same, the cation with the 
biggest diameter will have minimum adsorption and the one with least diameter will have 
the maximum adsorption. For example, Mn+2 (biggest diameter) will have minimum 
adsorption and Co+2 (least diameter) will have maximum adsorption. Cations with high 
hydration energy (small ionic radius) move slowly in channels. Selectivity decreases with 
increasing degree of hydration. If same valance cations are present, then degree of 
hydration or ionic radii becomes important factors for adsorption. For ionic radii, the 
trend is: Pb+2 > Cd+2 > Zn+2 > Cu+2.
The use of zeolites increases the alkalinity of soil and causes the precipitation of 
insoluble phases such as metal-phosphates and metal-carbonates (Basta et al., 2001; 
Seaman et al., 2001). The increase in alkalinity also promotes metal sorption due to 
surface complexation process. As the pH increases, the mineral surface acquires a 
negative charge due to the de-protonation of the surface unsaturated bonds. Thus, cations 
form stable complexes with the negative radicals on the surfaces. However, with respect 
to arsenic, an increase in pH can lead to its mobilisation as it forms anionic species in 
solution. Apart from the increase in pH, the cation exchange capacity of zeolites also 
contributes towards metal retention in soils.
4.2.2 Mechanism of Metal Adsorption in Soil by Zeolites
Isolating heavy metals from contaminated surface and groundwaters using natural 
zeolites has an advantage of saving energy and leaving no secondary pollution 
(Blanchardet al., 1984; Ouki and Kavanagh, 1997; Pansini, 1996). Exchange of ions 
arises from the presence of extra framework cations located in the cages of zeolite. 
Cations are bound to the lattice and the water molecules that fill the zeolite micropores. 
When zeolites come in contact with electrolytic solution, the cations in the zeolites are 
replaced from their sites by other cations in the solution. The selectivity of exchange on 
inorganic ion-exchangers has been explained by many theories (Mehablia et al., 1994; 
Perona, 1993). Different versions of selectivity of the ions have been hypothesised and
55
some have reported that by the magnitude of the hydration energy of the exchanged ion, 
charge density on the ionexchanger lattice and its structure are the primary factors that 
influence the selectivity. The selectivity of ion-exchangers is being determined by the 
diameter of the lattice, and their ability to adapt to the size of incoming ions. When the 
zeolite comes in contact with a surrounding fluid with other ions, ion exchange occurs 
inside the zeolite. Zeolites have the capacity to reduce heavy metal solubility through 
chemical immobilisation (Zorpas et al., 2000).
Clinoptilolite is the most naturally occurring zeolite with the chemical formula 
(NasKs) (Al6Si40) O96. 24H2O. Atoms within the second set of parentheses are structural 
atoms, as they make up the rigid framework with oxygen atoms in the zeolite structure. 
The atoms in the first set of parentheses are known as exchangeable atoms as they can be 
replaced with other cations. It has open reticular structure of easy access formed by open 
channels of 8-10 membered rings (Mondale et al., 1995). Figure 4.0 shows the structure 
of the natural zeolite, clinoptilolite.
Figure 4.0 Framework of Clinoptilolite. [Reprinted from Manley and Holmes 
(1989)] Copyright (1989), reprinted with permission from New Scientist]
The CEC of a mineral is the amount of exchange sites that can adsorb and release 
cations (the ability to remove contaminants from the body or the environment). Usually 
the CEC reaction takes place on the outer surface of the mineral molecule. Many 
contaminants in nature are positively charged. During the chemical reaction, there is an 
exchange of positive ions. The exchange process involves replacing singly-charged or 
doubly-charged exchangeable atom by singly-charged or doubly-charged atom from the 
solution respectively (Gsaresources, 2000).
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4.2.3 Case Studies
Haidouti (1997) used rye grass (Lolium perenne L.) and alfalfa (Medicago sativa 
L.) as indicator plants for evaluating the applicability o f natural zeolite, clinoptilolite, on 
soil contaminated with mercury. The application of the zeolite at 1-5% (w/w) addition 
reduced plant uptake of the mercury by up to 58% in the roots and 86% in the shoots. 
Shanbleh and Kharansheh (1996) reported the use of TCLP tests (Toxicity Characteristics 
Leaching Procedure) for evaluating the stabilisation of Pb, Cd and Ni by fajuasite and 
phillipsite in an artificially contaminated soil. The results showed that the leaching of the 
metals was reduced by 40-97% for Pb, 50% for Ni and 60% for Cd. The sorption capacity 
(especially for Pb) of the zeolite was affected by the competition among the metals in 
solution, with a 5-35% w/w application o f the zeolite required to reduce Pb leachability 
below the TCLP acceptable limit.
Similarly, Moirou et al. (2001) investigated the stabilisation of Pb, Zn, and Cd by 
the natural zeolite clinoptilolite. The contaminated area selected was a former lead-zinc 
mining district and the metal concentrations found were Pb (120-11350 ppm), Zn (140- 
11400 ppm) and As (18-1180 ppm). Batch experiments were conducted for one-month 
using pot experiments with varying soil-zeolite mixtures. USEPA leaching tests were 
followed for evaluation purposes mainly TCLP, EPT test (Extraction Procedure Toxicity) 
and SPLP (Synthetic Preparation Leaching Procedure). According to the TCLP 
procedures followed, moderate solubility reductions were observed for Pb 38%, Zn 33% 
and Cd 32%. The EPT test however showed a 55%, 74% and 46% reduction in Pb, Zn 
and Cd respectively. The authors have observed that Pb solubility could not be decreased 
below the permissible level of 5 mg I"1 even at 25% (w/w) addition of the zeolite. This 
was attributed to the presence o f Na competing ions which were originating from the 
TCLP leaching solution. The SPLP did not produce any measurable values for Pb which 
was probably due to the use of inorganic acids and test pH value of 5. For Zn, the 
reduction in solubility was significant for all three leaching tests (74%, 81% and 33% in 
the EPT, SPLP and TCLP tests respectively). In all three instances, a significant decrease 
was observed with a 10% zeolite addition. In the case of Cd, zeolite addition improved 
the soil by immobilising 32% and 46% of leachable Cd from the TCLP and EPT test 
results respectively. In addition, Moirou et al. (2001) also conducted column studies 
which showed that 50-60% of Pb was immobilised with the 20% (w/w) zeolite 
amendment.
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Ponizovsky and Tsadilas (2003) compared the retention of lead by a sandy loam 
soil from Greece and the zeolite, clinoptilolite in their laboratory studies. The soil was 
slightly acidic and had low content of phosphorus and organic matter. Batch sorption 
tests were carried out to produce sorption isotherms. Comparison o f the isotherms of lead 
retention by the soil and the zeolite showed that clinoptilolite adsorbed more Pb than the 
soil and the amount adsorbed was independent of pH. It was concluded that clinoptilolite 
adsorbed 10-20 times more Pb than soil and sorption by the zeolite was independent of 
pH. It was also noted that 1% (w/w) zeolite addition could retain 750 mg Pb kg-1 in the 
soil. Similarly, Zorpas et al. (2000) used clinoptilolite for the immobilisation of heavy 
metals (Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn) from sewage sludge, when it was used as a 
bulking agent during composting. Their results demonstrated that by using 25-30% of 
clinoptilolite during composting, 100% of Cd, 28-45% of Cu, 10-15% Cr, 41-47% Fe, 9- 
24% Mn, 50-55% Ni and Pb, 40-46% of Zn were adsorbed out of solution. Cholpecka 
and Adriano (1996) showed that by adding a lower dosage of zeolite, 15g kg'1, there was 
significant decrease in uptake of metals Pb and Cd by maize (Zea mays) and barley 
(Hordeum vulgare).
Iranian natural zeolite, clinoptilolite has been used to stabilise cadmium 
contaminated soil treated with 0.01 M CaCl2 leaching solution (Mahabadi et al., 2007). 
The clinoptilolite had a cation exchange capacity of 1.44 meq g' 1 and with a pH of 9.1. 
Contaminated soils were prepared by adding 1000 mg I' 1 o f CdCh to get 70 mg kg' 1 Cd 
content. Four soils were tested. Zeolite concentrations ranging from 1%, 3%, 5%, 7%, 
9% and 15% (w/w) were added to soil. Batch and column experiments were performed 
on the treated and untreated samples. For the control, the leachate Cd concentration was 
0.3, 0.25, 5.2, and 3.4 mg I' 1 for clay, sandy, loam and loamy sand soils respectively. For 
the treated samples, the leachate Cd concentration was below 0.1 mg I' 1 when 15% zeolite 
was added. This has raised the pH value from 5.45 to 7.7 for loamy sand soil. The 
authors found that the optimum dosage for clay, sand and loamy sand soils were 9% and 
for loam texture it was 15%. Batch leaching experiments have shown that Cd 
concentration has been reduced in all types o f soils. Column experiments have shown 
that for loamy soils, Cd leaching has started after 2.1 pore volumes of CaCk for the no 
zeolite column. For 9% zeolite addition till 12.3 pore volumes Cd was not detected in the 
leachate. The concentration was below 0.27 mg I'1. After 8.7 pore volumes the Cd 
concentration reached 57 mg I'1. For sandy soil, more than 11.7 pore volumes were 
required to detect Cd in the leachate. The authors have found that 15% zeolite reduced
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Cd leaching by 91%, 93%, 98% and 97% in clay, sandy, loam and loamy sand soils 
respectively. In column experiments, 9% zeolite has reduced more Cd in clay and sandy 
soils than in loam and loamy sand soils. The increase in soil pH and hydraulic 
conductivity affected the ability o f zeolite to stabilise Cd in soil. The exchange sites in 
soil become more reactive to metal binding due to decreased proton competition when the 
soil pH has been increased by the addition of zeolite (Oste et al., 2002). Lichner et al., 
(2006) has suggested that addition o f zeolite decreases pore size and hydraulic 
conductivity and hence a decrease in the leaching of Cd was observed.
Garcia-Sanchez et al., (1999) have studied the metal adsorption capacity of 
various minerals for evaluating their potential to reduce the mobility and bioavailability of 
metals in polluted soils. Different clays, geothite and synthetic zeolite (NaPi) were 
analysed for the experimental purposes. The soil used was from weathering of pyrite 
slurry. The zeolite was synthesised from Los Barrios fly ash with a high retention 
capacity for mono and divalent cations. Four topsoils were selected for the study and the 
metal considered for adsorption in zeolite was lead and arsenic in iron oxide. The batch 
tests with concentrations of 0 to 100 mg f 1 from metal standard solutions of 1000 mg I'1. 
For the isotherms of As (V) on Fe oxide, 10 g f 1 dosage was selected and shaken for 16 h 
at pH 5 with concentrations ranging from 0 to 100 mg I'1. The zeolite used had high ion 
exchange (app 2.5 meq g '1). Arsenic sorption tests were performed using Fe oxides and 
hydroxides. The highest arsenic sorption capacity was obtained with geothite (4 mg g"1). 
The results demonstrated that a reduction in the extractable fractions of Al, Cr, As with 
the addition of zeolite was observed. This might have been due to the reduction in the 
acidity (from pH 2.7 to 4.6) induced by the carbonate and free-lime fractions of the zeolite 
product. Due to the ion exchange capability of the zeolite, other elements such as Fe, Tl, 
Sb, Cu and Pb were also partially reduced by the change in pH. The reduction in the 
mobility was > 74% after the zeolite addition. The reduction in mobility for Cd, Zn and 
Mn was from 8 to 37% of the initial water extractable proportion. The leaching and ionic 
exchange tests of the soil mixtures with pyrite slurry did not show difference in acidity 
before and after the zeolite addition (from 6.6 to 6.8 and 6.8 to 7.0 in two soils 
respectively). As there was no significant change in pH, the authors concluded that the 
reduction in metal concentration was due to ion exchange with zeolite. The samples of 
geothite had sufficient adsorption capacity to immobilise arsenic in highly polluted soils. 
The reduction in the extractable fraction of metals is due to ionic exchange with zeolite
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and also due to decrease of acidity induced by the carbonate and free-lime fractions of the 
zeolite.
Similar to the above case study, NaPj zeolite has been used for the remediation of 
soil by other authors. Querol et al., (2006) have used the zeolitic material synthesised 
from coal fly ash for the immobilisation of pollutants in contaminated soils in Guadiamar 
Valley (Spain). The area was contaminated by pyrite slurry spill and has high leachable 
concentration of elements such as Zn, Pb, Cd, Cu, As and Sb. The zeolite was applied at 
different doses of 10000, 15000 and 25000 kg hectare'1) to the topsoil. Another plot was 
maintained without the addition of zeolite. Sampling was carried out after 1 and 2 years of 
the zeolite addition. With batch leaching tests, the extractable arsenic was very low (< 
0.15%; 2 years after the flood) and the risk of groundwater contamination by arsenic was 
low. The bulk content of arsenic in soil was 147 kg hectare'1 and copper was 105 kg 
hectare'1. The concentration of metals in leachates obtained with DIN procedure 
(solid/extractant ratios of 100 g I'1) was applied to control samples after the two sampling 
periods was 14692 ± 1758 and 16900 ± 2331 pg Zn I'1, 805 ± 69 and 1130 ± 798 pg Cu I'1, 
282 ± 40 and 280 ± 36 pg Co I'1, 4 ± 2 and 60 ± 4 pg Pb I'1, 165 ± 22 and 220 ± 27 pg Ni 
I'1, 56 ± 4 and 80 ± 3 pg Cd I'1; and 20 ± 2 and 40 ± 14 pg As I'1. In the field, with a 
zeolite dosage of 25000 kg hectare'1, the water extractable contents are reduced down to 
37 ± 13 and 10 ± 6 pg Zn I'1, 28 ± 8 and 20 ± 6 pg Cu I'1, 9 ± 2 and 10 ± 2 Ni pg I'1 , 15 ± 
2 and 20 ± 2 pg As I'1 and < 1 pg I'1 of Cd, Co and Pb.
The control field had a pH of 3.5 and 3.9 after 1 and 2 years of the remediation 
and the treated soils had a pH of up to 7.5 and 8.0 due to the addition of zeolitic material. 
The buffering of the acidity o f soils may also result in the precipitation of metals. The 
results from the column tests of the control soil and soil amended with zeolite (15000 and 
25000 kg hectare'1) show that the metals leached with respect to the total metal content 
are 13% for Cd, 16% for Co, 9% for Cu, 4% for Ni and 19% for Zn. For the zeolite dose 
of 25000 kg hectare'1, the metal fractions are reduced to 0.2% for Cd, Co and Ni and less 
than 0.03% for Co and Zn. Whereas for 15000 kg hectare'1, the leached fractions 
accounted for 1.1% of the total content of Cd, 0.6% for Co and Ni, 0.1% for Cu and 0.9% 
for Zn. Zeolite has decreased the leaching o f metals and thus reducing the risk of 
groundwater pollution. The amount of arsenic leached in the control sample accounted 
for only 0.003% of the total arsenic in the soil. The amount of arsenic leached with 15000 
kg hectare' 1 was 0.02% and with 25000 kg hectare' 1 was 0.06% with zeolite addition. It 
has been observed that the decrease in arsenic concentration was due to the rise in pH (up
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to 7.4-8.0) by zeolite addition. Overall, the leachability of most metals (Cd, Co, Cu, Ni 
and Zn) decreased around 95-99% when higher zeolite doses were applied to soil. The 
main reason for the immobilisation was due to the increase in soil pH. In addition to this, 
the buffering capacity of zeolite reduced the soluble metal concentrations.
Synthetic zeolites equally have potential for metal immobilisation. Faujasite type 
(also called Zeolite Y) and ZMS-5 zeolites have most commonly been tested. In addition, 
it has been demonstrated by several researchers that the addition of synthetic zeolites to 
contaminated soils can improve the quality o f plant growth and reduce soil phytotoxicity.
Zeolites, synthesised from fly ash, were studied for their ability to stabilise 
cadmium in a contaminated soil (Lin et al., 1998). The zeolite was produced from fly ash 
from a coal fired power plant by addition of NaOH and being heated to 90°C for 24 hrs. 
Two kinds o f soils were used for their experiments: real contaminated soil and an 
artificially contaminated soil. Varied portions o f the zeolite were added to the 
contaminated soil samples ranging from 0.5 to 16 g per lOOg of soil. The soil samples 
were collected from various locations-Pinchen, Jente, Erlin and Chengchung. Their 
results showed that without zeolite addition, the leachate Cd concentration was 
approximately 3.9 mg f 1 for Pinchen soil and 2.3 mg I' 1 for Jente soil; yet only 0.25 and 
0.1 mg I"1 for Erlin and Chengchung soil samples, respectively. The authors hypothesised 
that the differences in Cd leachability were due in the main to the differences in the initial 
soil pH since the soils had similar CEC values. They observed that the addition of 
synthetic zeolite inhibited the leaching of cadmium from all of the soil samples. 
Amendment with 16 g zeolite per 100 g soil resulted in leachate cadmium concentration 
o f the samples being reduced to < 0.05 mg I"1. The cadmium concentration in leaching 
solution was found to be inversely proportional to the rate o f addition o f the zeolite. It was 
concluded that the higher cation exchange capacity of the zeolite / soil mixture and higher 
pH were the conditions favouring stabilization of cadmium in contaminated soil. The 
authors suggested a zeolite dosage of approximately 0.1-0.2 g mg f 1 Cd per 100 g soil to 
reduce the concentration of Cd in leachates from all studied soils below 0.05 mg I'1.
The effect of different chemical treatments on two soils contaminated with lead 
and cadmium were evaluated by Chen et al., (2000). The phyto-availability was tested on 
wheat plants. One was a clayey (pH 5) and the other was sandy soil (pH-5.4). Different 
treatments used were calcium carbonate (to increase soil pH to 7), calcium phosphate (10
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mg P), 2% dry hog compost (1 Og), 1% iron oxide (5g), 1% manganese oxide (5g), 1% 
synthetic zeolite (5g) and the control sample. Chemical fertiliser was supplied to support 
the growth of plants. Cd and Pb in clayey soil were 4.56 and 11.3 mg kg'1; in sandy soil, 
15.3 and 398 mg kg'1, respectively. Total Cd and Pb by aquaregia method in clayey soil 
were 5.47 and 39.2 mg kg'1, and those of sandy soils were 18.6 and 611 mg kg'1 
respectively. The results of the BCR sequential extraction of unamended soils show that 
soluble form of Cd (56%-76% of total content) was the most predominant form in both 
the soils. For Pb, 67% of the total content was present in residual fraction in clayey soil 
and for sandy soil; it was 30% in the soluble fraction. By amending the soil with calcium 
carbonate or zeolite, the exchangeable form of Cd was transformed into other three 
bounded forms. The form o f Pb in clayey soil amended with different materials was 
converted into unavailable forms. Both Cd and Pb from two soils were transformed into 
unavailable forms after amending with calcium carbonate, manganese oxide or zeolite. 
Similarly, there was a reduced uptake of Cd and Pb by the plants after amending with 
calcium carbonate, manganese oxide or zeolite. Treatment with iron oxide did not have 
any effect on the plant uptake of Cd and Pb.
Gworek (1992) conducted experiments with the synthetic zeolites 4A and 13X to 
determine their effects on the mobility of cadmium when amended to a contaminated 
loamy soil. 1% (w/w) amendments of each zeolite were added to the soil and lettuce 
(Lactuca sativa L) was grown in pots to determine the effects on plant metal uptake and 
biomass. The results showed a reduction in cadmium concentrations of up to 86% in the 
leaves of the lettuce when compared with the control (with no added zeolites). Similarly, 
Edwards et al. (1999) used amendments of 1% of zeolite 4A, 0.5% of zeolite P and 5% of 
zeolite Y (w/w) or 1% lime and found a similar resulting reduction in metal content of 
mobile fraction of Cd of between 42-70%.
Despite promising results for immobilisation of metals by zeolites, several studies 
have demonstrated that zeolite addition failed to promote satisfactory growth o f plants 
grown in contaminated soils (Geebelen et al., 2002; Coppola et al., 2003; Nishita et al., 
1968; Stead, 2002). Geebelen et al. (2002) investigated lead immobilisation on soils 
spiked with increasing concentrations of Pb in which lettuce {Lactuca sativa L.) was 
grown as a test species. 0.5% w/w zeolite (13-X type) was added along with other organic 
and inorganic amendments. The zeolite slightly increased the soil pH 4.91 to 6.65 and at 
the highest concentration of Pb tested (2000 mg Pb kg'1) the amendment caused a 71%
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decrease in extractable Pb. A significant reduction in the root growth and leaf area was 
observed independent of soil Pb concentration. The authors noted that zeolite had caused 
a dispersed soil structure which was due to the addition of sodium ions which can also 
cause direct plant toxicity. The resulting reduced plant growth led to a reduced uptake of 
Pb by the plants. Similarly, Coppola et al. (2003) reported a negative effect on plant 
growth due to high amendment rates of zeolite to soils. An organo-zeolite conditioner 
was used to study the remediation of soil contaminated with 4.2 mg kg'1 and 220 mg kg"1 
of Cd and Pb respectively. The organo-zeolite conditioner was prepared from Neapolitan 
Yellow Tuff (NYT) which had a zeolite content of 54%, phillipsite 37%, Chabazite 17% 
and pellet manure (PM). The NYT/PM (1:1 w/w) mixture was added at the rate of 0%, 
25%, 50% and 75% (w/w). Wheat (Triticum aestivum L.) was grown on the soil mixtures. 
The dry matter o f shoots harvested from experimental pots with 0% addition was 2.7 g 
pot'1. With 25% conditioner, there was a significant increase in the dry matter of shoot to 
5 g pot'1, which was thought to be due to nutrient supply from the conditioner. In contrast, 
at 50% and 75% conditioner addition, there was a strong decrease in the dry plant biomass 
and almost no plants survived in the pots with a 75% conditioner addition. This was 
explained by the observed increase in the electrical conductivity of the soil highlighting 
increased soil salinity and Na toxicity which had an adverse effect on plant growth. 
Nishita et al. (1968) also observed a 10% decrease in the yield of bean (Phaseous vulgaris 
L.) when Na-clinoptilolite was used as a soil amendment. This was due to high sodium 
ion released into the soil, causing osmotic and toxicity problems. Stead (2002) also 
reported a similar negative effect on plant growth by the addition o f a sodium-zeolite. 
Ryegrass (Lolium rigidum L.) and clover (Trifolium subterraneum L.) grown in 5%, 10%, 
20% pots contained long, thin stems, yellow leaves and short toot depth. This impact was 
due to high sodium exchanged from the zeolite.
The important observations by various researchers on the use of zeolite can be 
seen in Table 4.1. This shows that zeolites can considerably reduce the solubility of 
metals in soil thereby their uptake by plants with few exceptional cases where it had 
detrimental effect on plant growth. All of the studies which found negative effects of 
zeolite amendment on plant growth had used zeolites with high sodium content. The use 
of zeolites with high sodium content as soil amendments is therefore not recommended. 
The immobilisation of metals in soil is due to an increase in soil cation exchange capacity 
and pH by the addition of zeolites. The increase in soil pH favours adsorption of metals 
onto zeolites' surface and the formation of insoluble metal hydroxides. The adsorption
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and ion exchange capacity of the zeolites depends on the pH conditions, the concentration 
o f heavy metal cations and also the grain size of the zeolite used. It is suggested that the 
long term effectiveness of zeolite amendment should be evaluated by aging studies, 
desorption studies and plant growth tests before large scale application in the field.
Table 4.1 Observations on metal immobilising capability of zeolites
Immobilisation agent Application rate Observation
P, 4A and Y synthetic zeolite. 
Edwards et al (1999)
0.5%, 1%, 5% Reduction in mobile metal fraction 
between 42-70%. Reduced 
phytotoxicity was observed.
Synthetic zeolite from flyash. 
Lin et al (1998)
0.5%-16%
Cd concentration in the leachate soil 
sample was < 0.05 mg/1. Higher zeolite 
to soil mixture with high pH favoured 
Cd stabilisation.
Clinoptilolite 
Haidouti (1997)
1-5% Hg solubility reduction up to 58% in 
roots and 86% in shoots of alfalfa and 
ryegrass.
Synthetic zeolite 4A, 13X 
Gworek (1992)
1% Reduction in Cd concentration in leaves 
of lettuce up to 86% compared to the 
control. Good plant growth.
Clinoptilolite 
Moirou et al (2001)
0-10%
Solubility reductions were 38% for Pb, 
33% for Zn, 32% for Cd using TCLP 
procedures. 55% for Pb, 74% for Zn 
and 46% for Cd with ETP test.
Fajuasite and phiilipsite
Shanbleh and Kharnsheh 
(1996)
5-35%
Leaching of Pb reduced by 40-97%, Ni 
by 50%, and Cd by 60%.
Alflsol and clinoptilolite
Ponizovsky and Tsadilas 
(2003)
1%
1% zeolite added retained 750 mg Pb 
kg'1 soil.
Clinoptilolite 
Zorpas et al (2000)
25-30% Used for immobilising Cd, Cr, Cu, Fe, 
Mn, Ni, Pb and Zn from sewage sludge. 
100%Cd, 28-45% Cu, 10-15% Cr, 41- 
47% Fe, 9-24% Mn, 50-55% Ni and Pb, 
40-46% of Zn were retained by the 
zeolite (from metals bound in carbonate 
and exchangeable fractions).
13X type zeolite 
Geebelen et al (2002)
0.5% Lettuce was grown as bioindicator 71% 
decrease in extractable Pb was 
observed. Significant growth reduction 
in root and leaf area was observed.
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Organo-zeolitic conditioner 
Coppola et a l (2003)
25%,50%,75% The dry matter of wheat plant (shoot) 
was 2.7g/pot was observed at no 
addition. With 25% addition it was 
5g/pot, at 50% there was a strong 
decrease in dry matter. Practically no 
growth was observed at 75% addition.
Clinoptilolite 
Nishita et al. (1968)
10% decrease in the yield of bean plant 
was observed with clinoptilolite.
Clinoptilolite 
Stead (2002)
5%, 10%, 20%
Rye grass and clover were grown in the 
pots showed long thin stems, yellow 
leaves and short root depth.
4.3 Industrial Waste By-Products for the Remediation of Contaminated 
Soil
Various researchers have studied the use of industrial waste by-products for soil 
remediation. The reuse of such materials would not only solve the problem of waste 
disposal but may also provide a financially lucrative market for the material as a useful 
product. Metal sorption experiments have been carried out using waste-by-products such 
as berengite, red-gyspum, phosphogypsum and cyclone ashes. Other materials like iron 
rich biosolids and oxyhydroxides and lime have also been tested for the remediation of 
heavy metal cont aminated soils. In this section we discuss the use of iron oxides, 
phosphogypsum and red gypsum. Redmud has extensively been studied and therefore 
will be presented in a different section.
4.3.1 Red Gypsum and Phosphogypsum
Lombi et al. (2004) and Illera et al. (2004) tested red gypsum (RG) and 
phosphogypsum (PG) as soil amendments for the remediation o f metal contaminated soils. 
Phosphogypsum (CaS04.2H20) is an industrial by-product of phosphoric acid 
manufacturing. It is produced when phosphate rock is treated with sulphuric acid to 
produce the acid. Phosphogypsum is identical to naturally occurring gypsum and has 
some impurities, which differs from place to place. Phosphogypsum can be used as a soil 
amendment to increase fruits and vegetable yield.
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Red gypsum is a by-product of the titanium dioxide pigment manufacturing 
industry and contains about 35% iron oxides. Titanium is extracted from a type of sand, 
called ilmenite, using sulphuric acid which leads to an iron sulphate waste, which is 
neutralised with lime to give red gypsum. Lombi et al. (2004) used a combination of 
water treatment sludge, redmud and red gypsum for the remediation of As and Cu 
contaminated soils. They tested the amendment with two different water treatment 
sludges (WTS-A and WTS-B), two redmuds and red gypsum, all rich in iron 
oxyhydroxides at 2% (w/w) on a soil contaminated with As and Cu. Rye grass and lettuce 
were grown on the soils amended with the above mixtures. It was observed that only 
WTS-A improved lettuce growth. With the exception of WTS-A, the other soil 
amendments improved the growth o f rye grass. Concentration of As in soil pore water 
and extractable As decreased only in WTS (A and B) and redmud gypsum treatments 
whereas Cu concentration decreased in all treatments by more than 84%. Acidification of 
the treated soil showed that the concentration of extractable As and Cu increased in the 
treated soils compared with untreated ones.
Illera et al. (2004) used redgypsum (RG) and phosphogypsum (PG) for the 
immobilisation of Cu, Pb and Cd in an acidic soil. For both products a 1% w/w 
amendment increased the soil's retention of lead, cadmium and copper. The initial 
concentration of metals used in solution (1:5 soil: solution) were 10, 25, 50, 100, 250, 500 
and 1000 mg I' 1 of Cd, Cu and Pb. Application o f PG or RG showed a 98% reduction in 
Pb concentration in the solution. The effects on copper were less dramatic with RG 
reducing copper concentration in solution by 9% whilst PG showed no effect (< 1%). 
Cadmium concentration in solution was reduced by 2.4% and 6.5% by PG and RG, 
respectively. In summary, the addition of RG and PG was more effective at reducing the 
concentration of soluble Pb than that of Cd or Cu. A similar result has been reported by 
Garrido et al. (2005) who tested the use of RG and PG, dolomite residue and sugar foam 
for immobilisation of Pb, Cd and Cu in metal spiked acid soil. The sequential extractions 
and single (DTPA) extraction used in this study showed that sugar foam and dolomite 
residue were effective in reducing the mobility o f Cd and Cu and to a lesser extent Pb. 
Whereas, RG and PG were found to immobilise Pb more effectively than the other two 
metals.
It has been suggested that the increase in lead retention by the addition o f PG and 
RG is due to the formation of anglesite minerals. Metal retention by DR was due to the
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formation o f laurionite type minerals and also Cd and Cu hydroxy-chlorides. It has been 
shown elsewhere that application of PG on orange groves can also improve tree growth 
and increase calcium levels in the leaves and the bark of the trees (Stanley, 1992). PG 
and RG applications may have the additional benefit of increasing yield of crops on acidic 
soils by ameliorating aluminium toxicity and supplying additional calcium.
4.3.2 Iron Bearing Additives
Products rich in iron oxides have been successfully used for the reduction of metal 
mobility in soil. The absorption behaviour of iron is related to pH (with a range o f 5-8) 
and each ion has its own optimum pH range for heavy metal adsorption. It is reported that 
iron in a cubic yard of natural soils is capable of adsorbing from 0.22-2.2 kg of soluble 
metal cations, anionic complexes or a similar amount of organic biodegradation products 
(Vance, 2002). Ferric salts have been recognised as an effective scavenger of heavy 
metals and studies were performed on their application and underlying metal sorption 
mechanisms. In addition, iron oxides have been widely used as agents for in-situ
remediation of arsenic in polluted soils.
At neutral to alkaline pH, ferric salts precipitate as amorphous hydrated oxide or 
oxyhydroxide, which has stable properties. Gradually the precipitate transforms into the 
crystalline iron oxide (Goethite) form (Murphy et al., 1976; Voges and Benjamin, 1996). 
Addition of ferrous sulphate to contaminated soil for removing / reducing heavy metal 
mobility is also a valid method of remediation. The added ferrous sulphate precipitates 
into iron oxides under field conditions. Hartley et al., (2004) and Warren and Alloway 
(2003) used iron bearing additives and proved that they are effective at adsorbing heavy 
metals including arsenic. The amendments used were goethite (alpha-FeOOH), iron grit 
(particle size 2-4mm diameter), iron (II) sulphate heptahydrate (98%) + lime, iron (III) 
sulphate pentahydrate + lime and lime on its own. These compounds were added at 1% 
w/w to contaminated soils. Results showed that iron oxide decreased the soluble arsenic 
concentration and the efficiency of arsenic adsorption was in the order Fe+3 > Fe+2 > iron 
grit > goethite > lime. Untreated soil leached 3077 pg kg' 1 arsenic that was reduced to
524 pg kg'1 in iron (III) amended soil. Similarly, the leachate arsenic concentration was 
reduced from 18331 pg kg'1 to 2330 pg kg' 1 with addition of iron (III) in another soil. 
Warren and Alloway (2003) used the vegetables beetroot, spinach, calabrese, cauliflower, 
lettuce, potato and radish for pot experiments with a 0.5% w/w Fe oxides as ferrous 
sulphate amendment applied to a soil contaminated with 577 mg As kg'1. The results
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showed a prominent reduction in the bioavailability of arsenic. When the rate of 
application of ferrous sulphate was increased from 0.5% to 1% it did not give any further 
significant decrease in arsenic bioavailability. With the exception of spinach, the authors 
observed that ferrous sulphate treatment caused a reduction in bioavailability of As in 
some part o f the crops. A 0.2% iron oxide application provided as ferrous sulphate in 
solution caused an average 22% reduction in As uptake. The authors have observed a side 
effect on application of ferrous sulphate as it liberated H2SO4 when it reacted to form Fe 
oxides. This induced mobilisation of manganese from the two trial soils. Lime was 
applied to counter the generated acidity in order to avoid excessive mobilisation of soil 
manganese.
Zerovalent iron has been used to remediate arsenic, chromium, copper and zinc in 
a chromated copper arsenate (CCA) contaminated soil (Kumpiene et al., 2006). Iron grit 
containing 97% Fe° has been used as the soil amendment at 1% (w/w). The soil contained 
high concentrations of As, Cu, Cr and less amount of Zn. Fractionation studies showed 
that As was reduced in the exchangeable fraction (6.7 mg kg'1 to below detectable limit < 
0.02 mg kg'1). Exchangeable Cu concentration was 7% of the total metal content and 
very less amount of Cr has been detected in exchangeable fraction (0.2 mg kg' 1 and was 
decreased to < 1 pg kg'1 after the treatment). A lower As content was associated with Fe- 
Mn fraction and a decrease of 14% of As was observed in the treated soil. Residual 
fractions of all the metals except Cr increased significantly. The leaching of elements was 
decreased significantly after the addition of the amendment (As 99%, Cu 93% and Cr 
57%). The bioavailability for As and Cr decreased significantly but had more Cu and Zn. 
Generally, As adsorbs to Fe reactive surfaces and the oxidisable forms o f As (FLAsO4') 
can co-precipitate with Fe+3 to form ferric arsenates. Ferric arsenates are considered to 
have low solubility. Though this is the general mechanism of arsenic stabilisation, the 
authors could not identify any particular reason for stabilisation of arsenic in the soil. 
They could detect only few weak peaks of crystalline Fe-As compounds. They found that 
copper was the only metal that was stabilised to a lesser extent compared to other metals. 
The mobile fractions from sequential have shown considerable amount o f copper (310 
mg kg'1). Chromium was the least mobile of the metals studied despite its large 
concentration. The authors concluded that zerovalent iron was effective in reducing the 
dissolved forms of As and Cr in soil whereas large amounts of Cu was still observed in 
the plant shoots.
Lidelow et al., (2007) have used two iron bearing compounds with high iron 
content were tested for their potential to stabilise arsenic and other trace metals in CCA- 
contaminated soil. Steel abrasive (SA; 97% Fe°) and oxygen scarfing granualte (OSG; 
69% FesCU) were applied at 1% and 8% respectively onto two soils with varied organic 
matter content. Soils were collected from two industrial sites which were previously used 
for wood impregnation with the CCA chemical k33. Soil F (collected at Forsmo, 
Sweden) and another soil R (collected at Robertsfors, Sweden) were tested. pH of the 
soil was 6.02. The amendments were applied at 0 (control), 1% SA and 8% OSG (w/w). 
OSG was added at a higher rate than SA as the adsorption capacity o f iron oxides 
decrease with increasing crystallinity (Bowell, 1994; Fuller et al., 1993). The pseudo total 
arsenic concentration in the soil F was 222 mg kg' 1 and in soil R it was 89 mg kg'1. The 
results from batch leaching tests show that arsenic leaching reduced by 28-94% and the 
leaching of Cr, Cu and Zn by 82-85%, 66-79% and 94-96% respectively by the addition 
of OSG. The addition of SA reduced leaching of As, Cu and Zn by 24-54%, 26-45% and 
63-90% respectively. For the control and soils with 1% SA, arsenic exceeded control 
limits. Overall, the treatment with SA reduced the leaching of arsenic by 68% for soil F 
and for soil R it was 36%. The addition of OSG reduced arsenic leaching by 92 and 31% 
respectively for soil F and soil R. The treatment with SA and OSG reduced Cr and Zn 
leaching by 80-90%. The leaching of Cu decreased by 80-90% after treatment o f either 
soil with SA and after amendment of soil R with OSG. OSG increased the leaching of 
Mn by (on average) 20-40%, whereas the addition o f SA caused 3^1 times greater Mn 
leaching. The treatments led to increase of pore water pH in both the soils. In both 
amended and unamended soils, As (V) was predominant species measured in soil 
solutions from both the amended and unamended soils F and R. Soil stabilisation with 
1% SA decreased mobility of As, Cr, Cu and Zn. It has been suggested that Fe° for 
stabilising arsenic and trace metals in contaminated soil. When high organic matter was 
present in soil, the mobility o f arsenic was lower. This might be due to the dissolved 
organic matter competing for sorption sites on the iron oxides.
In summary, these studies demonstrate that iron rich compounds are effective at 
immobilising arsenic in the soil. Ferrous sulphate and amorphous iron oxide have a 
proven high adsorptive capacity for soil arsenic. It has been shown that the application of 
iron oxides especially from ferrous sulphate, which precipitates to give hydrous Fe oxides 
reduces extractable arsenic from contaminated soils. The use o f different combinations of
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iron compounds with other materials such as lime and zeolites have also been shown to 
immobilise metals and are worthy of future research.
4.3.3 Red mud
Another industrial waste by-product which could potentially be used for 
remediation of heavy metals is red mud. Red mud is produced during the refining of 
bauxite to alumina through the Bayer's process. It is highly alkaline in nature and is 
composed o f hematite (Fe2C>3), boehmite (-A100H), quartz (Si02), sodalite 
(Na4Al3Si30i2Cl) and gypsum (CaS04.2H20). The high iron oxide content in red mud 
makes it efficient in removing the toxicity and reducing the mobility o f heavy metals. 
Due to the residual caustic soda used in the extraction process, red mud has a very high 
pH (> 11) which causes strict constraints on disposal. One possibility for its utilisation is 
its application to agricultural land especially where soils are very sandy and have poor 
phosphorus retention capabilities. It has been shown (Vlahos et al., 1989) that red mud 
could be neutralised with gypsum (from phosphate industry) or ferrous sulphate (from 
titanium dioxide industry) and then used for controlling phosphorus leaching. Brunoi et al. 
(2005) have also shown that redmud can be used for the remediation of contaminated land 
after adequate neutralization. The use of red mud on contaminated soils for promoting 
plant growth and reducing the bioavailability, mobility and plant toxicity of heavy metals 
have been studied by various researchers (Brunoi et al., 2005; Friesl et al., 2003; Summers 
et al., 1996; Zhao et al., 2004; Hartley et al., 2004; Warren and Alloway (2003); Illera et 
al., 2004; Lombi et al., 2004).
Brunoi et al. (2005) studied the immobilisation capacity of red mud using metal 
trapping studies and leaching experiments on the trapped metals. For metal trapping 
studies, the concentration o f elements in the solution was: As 500 pg I'1, Cd 450 pg I'1, Cu 
550 pg F1, Mn 1200 pg I'1, Ni 700 pg I' 1 and Zn 4200 pg I'1. Solution pH was maintained 
at 5 throughout the leaching experiments and two solid/liquid ratios (2 g I' 1 and 10 g I'1) of 
treated red mud were studied. Both unwashed and washed treated redmud were used for 
metal trapping studies. Their results demonstrated that using a 2 g I' 1 amendment of 
treated redmud caused a reduction in solution of > 99% Zn and Cd, > 94% Ni, Co, Cu and 
up to 80% Mn. However, only 30% As removal was observed. No marked difference was 
observed between the washed and unwashed treated red mud materials. The metal 
immobilisation capacity increased with the increase in concentration of treated redmud in 
solution with the 10 g F1 amendment removing up to 70% arsenic as opposed to 35% with
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the 2 g I' 1 amendment. Surface chemical adsorption was thought to be the responsible 
mechanism for As removal, as it is present as an oxy-anion in solution. In the second set 
o f experiments deionised water was added to the dried red mud powder (Liquid/Solid 
ratio = 8) from the trapping studies and the metal concentration in the supernatant was 
analysed after 15 and 60 minutes. In both treated and untreated red mud, less than 6% of 
As, Cd and Cu and 10-30% of Mn and Zn were leached. This confirmed the hypothesis 
that the metals that are sorbed are not easily exchangeable.
Similarly, Zhao et al. (2004) reported a significant decrease in Zn, Ni, Cd, Cu of 
grass grown on soil treated with red mud. The soil was contaminated with Zn (3954 mg 
kg'1), Pb (3776 mg kg'1), and Cd (78 mg kg'1) and was supporting very sparse vegetation. 
Red mud was applied to the top soil at either 3% or 5% (w/w) and compared with both 
lime (applied to give a similar soil pH) and the control (no amendment). Grass was 
grown and metal concentration in leaves was measured. Complete grass cover was 
observed on the 5% red mud treated plots with a significant decrease in Zn, Ni, Cd, Cu in 
grasses of the treated soil compared to the untreated control. Similar improvements in 
plant growth were also observed by Summers et al. (1996) using red mud untreated or 
treated with gypsum at 0, 10, 20, 40 and 80 t ha'1 added to an uncontaminated 
subterranean clover (T. subterraneum L) and rye grass (Z. rigidum L) paddock. The 
authors noted that an application of 40 t ha' 1 of red mud increased hay (subterranean 
clover and rye grass) production by 24%.
Apart from using red mud as a single amendment, research has also been 
undertaken using a combination of waste and naturally occurring materials (Illera et al., 
2004; Lombi et al., 2004; Friesl et al., 2003). Friesl et al. (2003) studied the effect of 
redmud (10 g kg _1), zeolite (20 g kg'1) and lime (3 g kg'1) on metal lability in soil and its 
uptake by the grass fescue (Festuca rubra L.) and amranthus (Amaranthus hybridus L). 
Soil samples were collected from various sites in Austria out of which one site was a 
former Pb-Zn smelter polluted with Pb (12300 mg kg'1), Zn (2713 mg kg'1) and Cd (19.7 
mg kg'1). Other non-contaminated soils were spiked with Zn (700 mg kg'1), Cu (250 mg 
kg'1), Ni (100 mg kg'1), V (100 mg kg'1) and Cd (7 mg kg'1). The plants were grown for 
15 months and an ammonium extraction (1M) was used in a soil: solution ratio o f 1:2.5 
for detecting the influence of the soil amendments on the labile nature of metals. The 
results showed that the metal extractability due to redmud was 70% for Cd, 89% for Zn,
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and 74% for Ni in the spiked sandy soil and plant uptake in this treatment was reduced by 
38-87% for Cd, 50-81% for Zn, and 66-87% for Ni when compared to the control.
The important observations by various researchers on the use of red mud can be 
seen in Table 4.2. In summary, it was evident from the above experiments that iron rich 
compounds are a potential source o f material for remediating metal contaminated soils. 
Red mud is one such compound which is receiving a great deal of attention from 
researchers for its ability at decreasing metal lability in soils and thereby reducing plant 
uptake of heavy metals. Red mud has a number of flocculants and potential adsorbents 
and consists of abundant fine Fe particles. The alkalinity and the solid phases in it are 
responsible for adsorption and fixation o f metals in soil. Red mud as used for metal 
trapping studies shows that the trapping mechanism was different for different metals, 
which is dependant on factors like the speciation of metal in solution, formation of 
oxyanions and formation of complexes. It was also clear from the leaching experiments 
conducted on the red mud that it is safe for reuse as the metals sorbed by the red mud are 
not easily exchangeable. Care should be taken that alkalinity is reduced before it is used 
for soil remediation as high alkalinity affects stability of organic matter through oxidation. 
Application of untreated alkali redmuds may therefore promote the leaching and increase 
the solubility of the metals that formed stable complexes with organic matter.
Table 4.2 Observations on metal immobilising capability of industrial waste by-products
Immobilisation agent Application rate Observation
Red mud
Brunoi et al. (2005)
1% Zn and Cd in excess of 99%; Ni, Co and 
Cu in excess of 94% and 80% of Mn 
were immobilised.
10g/l 70% As was removed as opposed to 
35% with 2g/l.
Red mud
Zeolite
Lime
Friesl et al (2003)
1%
2%
3%
Metal extractability due to red mud was 
70% for Cd, 89% for Zn, 74% for Ni 
and plant uptake in the treatment was 
reduced by : 38-87% for Cd, 50-81% 
for Zn, 66-87% for Ni when compared 
to the control.
Red mud
Zhao et al (2004)
3%
5%
Complete grass cover observed on 5% 
treated pots. Decrease in metal 
concentration of Ni, Cu, Zn and Cd.
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Water treatment sludges A 
and B (WTS-A&B)
Red mud 
Red gypsum
Lombi et a l (2004)
2% WTS-A improved lettuce growth. 
WTS-B, red mud and red gypsum 
improved rye grass growth. Extractable 
Cu concentration decreased by 84%.
Ferrous sulphate
Warren and Alloway 
(2003)
0.5% Vegetables grown for bioavailability 
test were spinach, beetroot, calabrese, 
cauliflower, lettuce, potato and radish. 
With 0.2% addition, As bioavailability 
reduced by 22% in all except spinach.
Phosphogypsum 
Red gypsum 
Dolomitic residue
Illera et al (2004)
1% Red gypsum and phosphogypsum 
showed 98% reduction of Pb from the 
metal spiked solution. Red gypsum 
showed a 9% decrease and 
phosphogypsum showed less than 1% 
decrease in Cu concentration from the 
solution. Cd concentration was 
decreased by 2.4% and 6.5% by 
phosphogypsum and red gypsum 
respectively.
4.3.4 Iron Oxide Compounds
Arsenic in the environment originates from both geochemical and anthropic 
sources. The most important arsenic ores are arsenical pyrite or arsenopyrite (FeAsS), 
realgar (AsS) and orpiment (AS2S3). There are numerous studies on the adsorption of this 
metalloid on minerals or soil particles (clay, oxides o f Al, Fe, Mn, calcium carbonates 
and/or organic matter) (Sadiq, 1997 and Smith et al., 1998). Arsenic sorption on oxides is 
mainly dependant on pH: As(V) is sorbed on hydrous oxides at a pH ranging from 4-7 
whereas As(III) is sorbed for pH values from 7-10 (Pierce and Moore, 1980). O f the 
inorganic amendments that have been used to reduce labile trace elements, iron oxide has 
great potential for in-situ use, especially for arsenic adsorption in soils (Lumsdon et al., 
1984; Waychunas et al., 1993). The formation of amorphous Fem arsenate (FeAs04.H20) 
reduces the mobility of arsenic. Arsenic is strongly adsorbed by Al, Fe and Mn oxides. 
The commonly present iron oxides in soils are hematite, geothite and ferrihydride. When 
arsenic comes in contact with iron oxide, arsenic is adsorbed as shown:
Fe Oxide + As(V) Fe Oxide-As(V) (Equation 4.0)
As a result o f adsorption, the concentration of dissolved arsenic decreases. Both 
arsenate and arsenite are bound to iron oxide minerals by inner-sphere ligand-exchange 
mechanisms, in which the arsenic oxyanion competes with and exchanges with surface-
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OH or -OH2 groups that are directly coordinated to structural Fe+3 at the Fe oxide surface 
(Loppert, 2005). Arsenite may also form outer-sphere complexes by simple electrostatic 
interactions on the surface of amorphous Al hydroxides and sulfide minerals (Wang and 
Mulligan, 2007). Inner sphere complex bonds are stronger than outer sphere complex 
bonds and thus immobilisation is more permanent. The absorbed arsenate anion is 
coordinated to the two structural Fe+3ions. This surface complex is called bidendate 
binuclear-bridging complex. This is a very tight bond and it is difficult to remove arsenic 
once the bond is formed. This has been confirmed by X-Ray absorption and infra red 
experiments. In the case o f arsenite, both bidendate binuclear and monodendate 
complexes have been observed. In latter case, a single oxygen atom from the arsenite 
oxyanion coordinates with one structural Fe+3 atom from the iron oxide surface.
The adsorption of arsenate by most Fe oxides (such as geothite, ferrihydrite and 
lepidocrocite) takes place at low pH. Usually, the maximum adsorption of arsenite occurs 
between pH 8 to 10. The pH dependence of arsenate adsorption to the iron oxide surface 
becomes favoured as pH values become alkaline (Fuller and Davis, 1989; Dzombak and 
Morel, 1990). This is related to the change in iron oxide net surface charge from positive 
to negative as pH increases above the point of zero charge (PZC). Point o f zero charge is 
the pH at which the net surface charge is equal to zero (7 for geothite, 8 for ferrihydride) 
(Stumm and Morgan, 1996). Both species of arsenic sorb strongly to iron oxide. The 
sorption behaviour of arsenic is dependent on its oxidation state and the mineralogy of 
iron oxides. Phosphate strongly competes with arsenate for adsorption on iron oxide due 
to its similar dominant dissociation species (Pourbaix, 1974). Adsorption to the iron 
oxide surfaces is mostly favoured at or around the pKal of the oxy-acid and may be 
reduced by competing ion such as phosphates (Jacobs et al., 1970; Fendorf et al., 1997). 
Adsorption of arsenite to iron oxide surfaces tends to decrease as pH increases, between 
the range of 6 to 9 (Acar and Alshawabkeh, 1993). Among the arsenic species, As(V) 
binds more strongly with metal oxides of Fe and Mn as compared to As(III). Redox 
potential and pH are important factors affecting the adsorption. Redox reactions 
involving either aqueous or adsorbed arsenic can affect arsenic mobility (Manning and 
Goldberg, 1997). Reduction of arsenate to arsenite can promote arsenic mobility as As 
(III) is generally less strongly adsorbed than As(V). With decreasing pH, arsenic mobility 
tends to increase due to mineral dissolution, proton competition for surface binding sites 
and increased surface potential. On the contrary, an increase in pH can result in
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desorption of arsenic due to lower stability of otherwise stable metal-oxide-arsenic
complexes (Pierce and Moore, 1982; Masscheleyn et al., 1991; Raven et al., 1998).
Desorption and mobility of arsenic depends on reductive dissolution, oxidative 
dissolution, ligand exchange and ligand exchange dissolution. Reductive dissolution 
involves dissolution o f minerals as a result o f reduction process. This process involves 
consumption of electrons by the mineral. Dissolution of soil iron oxides (Ferrihydrite or 
geothite) occurs due to reduction of soil caused by flooding or submergence of soils. 
Oxidative dissolution is the dissolution of mineral by oxidation processes. Ferrous sulphide 
minerals can undergo oxidative dissolution due to exposure to air or increased dissolved 
oxygen concentration, and release arsenic. The ligand exchange mechanism involves 
exchange of specifically adsorbed anion by another anion at the mineral surface. For 
example, Fe-Oxide-As(V) can become Fe-0 xide-P04 by the exchange of adsorbed arsenate 
ion with phosphate and leading to the release of arsenate ion. Ligand exchange dissolution 
involves complexation and dissolution of surface structural cations of a mineral leading to 
the dissolution o f the mineral. Arsenic can be released from iron hydroxides at pH values of 
around 8 and higher due to increase of electrostatic repulsion on the negatively charged 
oxide surface. The rate of desorption of arsenate can be high in such case (Fuller et al., 
1993).
4.4 Summary
• Application of organic wastes (sewage sludge, biosolid compost and green waste) has
been shown to immobilise metals and increase the above ground biomass of plants.
• Lime and manure when added with composted organic amendments increase the soil 
pH which favours metal immobilisation, but not necessarily As.
• Natural zeolites also have potential for metal immobilisation due to their high ion 
exchange capacities and highly porous structures. Most published research showed 
that clinoptilolite was most effective in immobilising lead and cadmium in soils.
• Care should be taken when using zeolites with high a sodium content as they have
been shown to increase soil salinity and exchangeable sodium concentrations which
could cause plant toxicity.
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• Synthetic zeolites have been shown to be effective at reducing soil phytotoxicity and 
improving plant growth. Zeolite used as a soil conditioner can reduce the need for 
fertiliser whilst improving plant growth.
• Soil amendment with red mud and other iron-rich compounds, have been shown to 
immobilise labile metals. At higher concentrations, red mud has been shown to be 
especially effective at reducing arsenic bioavailability and improving plant 
performance.
• Red gypsum and phosphogypsum showed a good ability to adsorb Pb more than any 
other metal. Similarly, phosphate based amendments; especially apatites have been 
shown to be very good at immobilising Pb from soil.
• Overall, iron-rich compounds are found to immobilise arsenic better than any other 
soil amendment. This gives us a scope to explore the potential of other iron rich 
industrial waste-by products for metal immobilisation and greening application 
purposes.
The next chapter describes in details the experimental methodology followed in 
this research programme. The sampling protocols, analytical procedures, the quality 
control pertinent to the experimental program and the statistical analysis used are 
described in the following sections.
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CHAPTER 6
CHARACTERISATION OF SOIL 
AND AMENDMENTS
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6 Introduction
The results o f  the physical and chem ical characterisation o f  the so il and the 
am endm ents m ainly, natural zeo lite  C linoptilolite, organic com post and iron oxide are 
presented in this chapter. The detailed m ethodology fo llow ed  for the characterisation o f  so il 
and am endm ents fo llow ed  the external laboratory and the quality assurance aspects has been  
covered in  Chapter 5.
6.1 Physico-chem ical Characterisation o f Soil and Am endm ents
6.1.1 Soil
The m ain physico-chem ical parameters o f  the contam inated so il w ere determ ined by  
N R M  laboratory and are presented in Table 6.0.
Table 6.0 Physico-chemical characteristics of soil
Parameter Units Tamar 
Valley soil
pH — 3.2
Available phosphorus mg/1 16.6
Nitrate nitrogen mg/kg 1.26
Ammonium nitrogen mg/kg 3.73
Total nitrogen %w/w 0.03
Total phosphorus mg/kg 430
Total sulphate mg/kg 3940
Organic matter %w/w 0.9
Dry matter % 93.5
Sand (2.00-0.063mm) %w/w 92
Silt (0.063-0.002mm) %w/w 4
Clay (<0.002mm) %w/w 4
Texture — Sandy
Total copper mg/kg 1641
Total zinc mg/kg 47.2
Total lead mg/kg 189
Total arsenic mg/kg 34470
Total cadmium mg/kg 813
Total chromium mg/kg 33.8
pH  is negative log  o f  hydrogen ion  activity (H+) in  aqueous solution. T he pH  
values are reported on a negative log  scale. The contam inated so il is  acidic in  nature w ith  
a pH  o f  3 .2 . The pH  o f  so il is important as the so il solution  in it carries nutrients such as 
N , P, K  that plants need  in  sp ecific  amounts. I f  the so il pH  increases above 5 .5 , nitrogen  
in  the form  o f  nitrate is m ade available to plants. Phosphorus on  the other hand is  
available to plants at a so il pH  6 .0-7 .0 .
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In general, acid so ils  (pH <5) have lo w  concentrations o f  Ca+2, M g+2 and K +, since  
these cations are readily leached and replaced by  H + ions. In so ils  near neutral or alkaline 
pH , the exchange sites in  the so il tend to becom e occupied by  exchangeable cations such  
as Ca+2, M g+2, N a+ and K +. In strongly alkaline so ils  (pH >  8.5) sodium  is the dominant 
cation on  the exchange sites due to the precipitation o f  calcium  carbonate (Brady, 1990). 
The availability o f  micronutrients Cu, Zn, M n and B  tend to decrease as so il pH  increases. 
The exact m echanism  responsible for reducing availability differs for each nutrient, but 
can include form ation o f  lo w  solubility  o f  com pounds and conversion  o f  soluble forms to 
ions that plants cannot absorb.
The organic matter content o f  the contam inated so il is low . The m etal retention  
and subsequently the b ioavailability  o f  the m etals also depend on the type o f  so il and 
organic matter. The im portance o f  organic matter in so ils and its effect on  heavy m etal 
m obility  and bioavailability  is d iscussed  in Chapter 3. I f  the organic content o f  soil is 
high  there is a greater portion o f  heavy m etal com plexation  w ith  organic co llo id s, leading  
to increased m obility  and b ioavailability  o f  heavy m etals in  so ils (Fletcher and Beckett, 
1987; Pickering, 1995; R itchie and Sposito, 1995). The texture o f  the contam inated so il is 
classified  as sandy. Soil texture has important effect on  soil properties such as water 
holding capacity, drainage class and consistence. S oil texture refers to the percentage o f  
sand, silt and clay particles in  soil. Sand, silt and clay particles are defined by their size. 
The U .S  Departm ent o f  Agriculture classification  system  is as fo llo w s (Plaster, 2003):
V ery coarse sand 2 .0 -1 .0  m m
Coarse sand 1.0-0.5 m m
M edium  sand 0 .5 -0 .25  m m
Fine sand 0 .25 -0 .10  m m
V ery fine sand 0 .10-0 .05  m m
Silt 0 .05 -0 .002  m m
Clay < 0 .002  m m
The B S  5930:1999  classifies different particles for clay, sand and silt w ith  0 .002 , 
0.060  and 2  m m  size. The contam inated so il has a sandy texture w ith  92%  sand, 4% clay  
and 4% silt sized  particles. The silt and organic matter contents o f  so il as w e ll as the ion  
com position  on  the surface o f  the clay fraction also affect the so il texture. In general, 
coarse-textured so ils  (lots o f  sand-sized particles) hold  relatively little water, drain rapidly, 
and are lo w  in fertility. Fine-textured so ils (lots o f  clay-sized  particles) hold  relatively  
large am ounts o f  water, m ay be poorly-drained or w ell-drained, depending on  their
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structure, and can be h igh  or lo w  in  fertility, depending on the types o f  clay particles 
present (Plaster, 2003). The am m onium  nitrate and nitrate nitrogen levels  in  the 
contam inated so il are present in normal quantities. Soil cannot hold  nitrate, i f  plants are 
grow n on  so il, they m ust use the nitrate or ex cess  nitrate m oves out o f  the so il by leaching, 
through run off, and by converting into atm ospheric nitrogen. A m m onium  nitrogen  
typ ically  gets converted to nitrate nitrogen in so il by the m icrobes. In addition, adequate 
so il nitrogen and phosphorus levels  are required for bacterial growth (for better quality  
com post) for effective  land treatment o f  contam inated soil.
D ue to the h igh  degree o f  contam ination due to past m ining activities around the 
area o f  study, the lev e ls  o f  heavy m etals esp ecia lly  those o f  arsenic are ex cessiv e ly  high. 
A s seen  from  the table, the total m etal content for arsenic, cadm ium , copper in the so ils  
are h igh  and are above the standard values (as specified  in Table 1.0). The major 
m echanism  o f  A s release is through the decom position  o f  arsenopyrite according to the 
fo llow in g  reaction (D o v e  and Rim stidt, 1985)
FeAsS+13Fe3*+8H20=14Fe2*+S04 +13}f+H3As04 (Equation 6.0)
The ferric ion  is regenerated by Ferrooxidans bacteria, w h ich  ox id ize  ferrous Fe 
using O2 . T hese bacteria catalyze arsenopyrite oxidation  (Pugh et al., 1984 and M andl 
and V yskovsky, 1994). H ow ever, chrom ium  and lead lev e ls  were w e ll w ith in  acceptable  
lev e ls  o f  SG V  for residential u se (w ith  or w ithout plant uptake) and for com m ercial 
purpose.
The SEM  backscattered im ages o f  the control so il sam ple are show n in  the Figures 
6.0 , 6.1 and 6.2. The different colours assigned to different parts o f  the so il sam ple  
indicate the distribution o f  various m etals. A  few  im ages show ing the characterisation o f  
the raw materials (control soil, zeo lite , iron oxide and com post) are presented in  this 
chapter. The detailed characterisation o f  the control/am ended so il sam ples, zeo lite  and 
iron oxide using SE M -E D X  are discussed  separately in  Chapter 9.
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Figure 6.0 SEM image of control sample surface view
Electron Image 1
Figure 6.1 SEM image o f control sample showing clusters o f soil particles
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Figure 6.2 SEM image of control sample showing arsenic (red), oxygen (blue) and iron 
(green)
6.1 .2  Z eo lite
The Material Safety Data Sheet o f zeolite with its constituents was supplied by 
Euremica Environmental Company. The composition and characteristics o f zeolite are 
reported in Table 6.1 and 6.2 respectively. The clinoptilolite is a natural crystalline 
aluminosilicate mineral with approximate empirical formula: (Ca, Fe, K, Mg, Na)3. 
6Si3oAl6072.24H2 0 . The typical mineralogical composition is 96% Clinoptilolite, 3% 
feldspar and 1% cristobalite. The zeolite has a Cation Exchange Capacity ranging from 
1.6-2.2. Zeolite with a pH o f 7.5 show higher available potassium content (9686 mg/kg) 
indicating that it is potassium based clinoptilolite. The metal contents in the zeolite are 
normal except for lead which is 80 mg kg"1. The composition o f the zeolite indicates that 
it is mainly composed o f either monovalent or divalent cations.
Table 6.1 Composition of natural zeolite-Clinoptilolite
Element Typical Analysis
Si02 66%
AI2O3 11%
Fe203 1%
Na20 3 0.65%
K20 3%
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Table 6.2 Characteristics o f natural zeolite
Parameter Units Zeolite
Clinoptilolite
pH — 7.5
Organic matter mg/1 0.4
Dry matter mg/1 95.7
Sand (2.00-0.063mm) mg/1 73
Silt (0.063-0.002mm) mg/kg 16
Clay (<0.002mm) mg/kg 11
As mg/kg 5 1
Pb mg/kg 80
Cd mg/kg 1.4
Cu mg/kg <3
Cr mg/kg 18
The SEM image o f  zeolite at magnification o f X I00 and X8000 are shown in 
Figures 6.3 and 6.5. Individual zeolite particles and layers o f zeolite could be clearly seen 
in the images. The sum spectrum o f the zeolite with peaks corresponding to various 
elements is shown in Figure 6.4. The peak corresponds to a portion o f  zeolite that has 
been subjected to SEM-EDX. The atomic percentage o f elements present in the peak is O 
(65%), N a (0.53%), Mg (0.56%), Al (4.9), Si (26%), K (1.53%) and Ca (0.91%).
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Figure 6.3 SEM image o f natural zeolite at X100
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Spectrum 2
Ca
Na
Ca
Full Scale 5108 cts Cursor: 1.782 keV (4074 cts) keV
Figure 6.4 Sum spectrum of raw zeolite obtained with EDX
8pm 1
Figure 6.5 SEM image o f natural zeolite at X8000
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X-ray Diffraction was undertaken on samples of the ‘as received’ zeolite. Figure 
6.6 shows the characteristic diffraction pattern obtained for the sample with the computer 
reference database used to the match the peak intensities shown in the bottom half. A 
score o f 77% was obtained when matching the sample with the reference in the database. 
The percentage o f clinoptilolite present in the sample according to the manufacturer was 
96%. However, a 77% clinoptilolite was matched according to the XRD data. The reason 
for this is using a 20 value of 50 for the analysis by the XRD instrument. Hence the peaks 
could not be matched above this value. If a higher 20 value was used in the experimental 
procedure, probably the percentage o f matching would have been higher. The formula 
associated with the pattern matched from a library database for diffraction is (Na, K, 
Ca)6(Si, Al)36.20H2O. In the figure, it can be seen that a comparison of the diffraction 
lines obtained in the sample and the reference clinoptilolite is roughly the same till the 20 
value of 50 (shown on x-axis).
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Figure 6.6 XRD pattern of Clinoptilolite
6.1 .3  C om p ost
The pH of the compost is 6.77 which falls under the normal pH range for 
composts (6-8). The pH range also falls within the optimal range for the development of 
bacteria 6-7.5 and fungi up to pH 8.0 (Zorpas, 2003). The high iron content present in the 
compost may be due to the iron based coagulants used in the sewage treatment plants. 
Sewage sludge generally contains appreciable amounts of P and N. While most of the 
sewage N may escape in the form of gas during sewage and water treatment, the removed
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phosphorus is retained in  the sludge. The hum ic substances have a capacity to interact 
w ith  m etal ions and act as potential source for nutrients for plants. The com post used  has 
a good  am ount o f  organic matter, w h ich  is a m easure o f  carbon based m aterials in  the 
com post. The available and total P, N , M g, K  and S w hich  are present in  significant 
quantities are important in  using this material as a fertiliser w hen  added to the soil. The 
com post used  w as a m ixture o f  com posted  sew age sludge m ixed  w ith w ood  chips and 
green w aste com post. The green w aste com post w as produced according to P A S 100  
guidelines; how ever, the final com post produced exceeded  the lim it for Cu according to  
PA S 100. B SI (British Standards Institution) has issued Publicly A vailab le Standard 
(P A S) for com posted  m aterials. The specification  covers the entire process by  w hich  
com post is produced-from  raw m aterials and production m ethods-through to quality  
control and lab testing. This m eans that the com post certified is quality assured, safe and 
reliable. Under B SI P A S 100, the lim it o f  potentially tox ic  elem ents in h igh  quality  
com post should be (m g kg'1 dry matter): Cd 1.5, Cr 100, Cu 200  and Zn 400 . I f  the 
potentially tox ic  elem ents o f  com post are unusually high, the leachability o f  the m etals in  
the com post w ill be o f  concern. H ow ever, the m obility  and b ioavailability o f  the m etals 
w ill also depend on other p hysico-chem ical properties (such as pH and organic matter) o f  
the m edium  in  w hich  the com post is applied. The use o f  iron as a coagulant during 
chem ical precipitation m ight have caused the h igh  iron content in the sew age sludge. The 
characteristics o f  the com post are show n in table 6.3 and the SEM  im ages are show n in  
Figures 6 .7 , 6 .8 and 6.9. Figure 6 .7  show s com post at a m agnification  o f  X 3 5 0 . C om post 
at a higher m agnification  o f  X 7 0 0  is  show n in Figures 6.8 and 6.9. T hese im ages are 
scanned to obtain an idea o f  the overv iew  o f  com post under SEM .
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Table 6.3 Characteristics o f compost
Parameter Units Compost
A*
Compost ! 
B*
pH — 6.77 6.77
Available phosphorus mg/1 <0.01 <0.01
Available potassium mg/1 974 971
Available magnesium mg/1 347 350
Nitrate nitrogen mg/kg 566 583
Ammonium nitrogen mg/kg <0.1 4.36
Total nitrogen %w/w 2.01 1.73
Total phosphorus mg/kg 20058 19251
Total sulphate mg/kg 9533 7496
Organic matter %w/w 37.8 36.2
Dry matter % 52.3 52.8
Total copper mg/kg 349 349
Total zinc mg/kg 527 491
Total iron mg/kg 42637 42278
Total arsenic mg/kg 7.06 6.96
Total cadmium ; mg/kg 1.28 1.17
Total chromium mg/kg 21.2 21.5
• Two representative samples taken from compost
r 6 0 0 [Jin 1
Figure 6.7 SEM image of compost at X350
9 0 p m 1
Figure 6.8 SEM image of compost at X700
100pm
Figure 6.9 SEM image o f com post at X700
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6.1.4 Iron oxide
The specifications of the synthetic iron oxide obtained from the manufacturer are 
presented in Table 6.4. The purity of iron oxide was 95% with a pH value ranging from 
3.5-7.0. The iron oxide was in the form of a bright red dry powder (Figure 6.10). The 
SEM images of iron oxide powder are shown in Figures 6.11 and 6.12.
Table 6.4 Specifications of Iron oxide
Parameter ! Units Value
pH — 3.5-7.0
Fe20 3 Min % 95
Water soluble salts Max % 1
Moisture at 105°C Max % 1
Loss on heating at 1000°C Max % 5
(0.5 hr)
Oil/Water absorption (app %) 25
Sieve residue on 0.045 mm Max % 0.3
mesh
Figure 6.10 Iron oxide powder
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Figure 6.11 SEM image of Iron oxide powder at X100
4jjm '
Figure 6.12 SEM image o f Iron oxide powder at X1500
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6.2 Sum m ary
The characterisation o f  contam inated so ils  is critical to understand the health risks 
p osed  to hum ans near a contam inated site and the evaluation o f  suitable technology  for 
the rem ediation o f  that soil. The concentration o f  m etals in  the so il especia lly  A s, Cu and 
Cd are higher than SG V  values. The soil has lo w  organic matter content, has sandy  
texture and acid ic in  nature. The zeo lite  used has h igh  pH  and a h igh  lead concentration  
o f  80 m g kg'1. The zeo lite  used  has a higher potassium  content than sodium  and hence  
safe to use in pot experim ents. C om post used had higher values o f  Cu and Zn than the 
prescribed B SI standards. C om post had good  amount o f  organic matter w hich  indicates 
the presence o f  carbon based materials. The synthetic iron ox id e purchased from  the 
manufacturers has 95%  purity and is ready to be used  on the contam inated so il w ithout 
any further refinem ent.
The fo llow in g  chapter presents the results from  greenhouse experim ents that w ere  
conducted to study the uptake o f  heavy m etals from  the contam inated so il by plants. The 
pot experim ents w ere conducted under greenhouse conditions using a test plant rye grass. 
T hese experim ents sh ow  the importance o f  soil-m etals-plant interactions.
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CHAPTER 7
GREENHOUSE EXPERIMENTS -
BIOMASS AND BIOAVAILABILITY
STUDIES
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7 Introduction
Stabilisation of contaminated soil does not reduce the total content of trace 
elements. The effectiveness of the remediation technique should be monitored by 
measuring the bioavailable and mobile fractions. Chemical methods can only determine 
the bio accessibility, which is the release of trace elements from the soil to the solution 
during sample digestion. It is difficult to interpret the potential risks involved with these 
metals to different biological organisms at different trophic levels. Therefore plant based 
tests are conducted to assess soil toxicity. The bioavailable fraction of trace elements 
denotes the fraction that is readily available for uptake by an organism. Bioavailability is 
a good measure of the exposure level as opposed to the total element content in soil. The 
effectiveness of the various combinations of the amendments is evaluated through 
greenhouse experiments (pot experiments) under controlled conditions. The following 
sections present the results of biomass growth and bioavailability via greenhouse 
experiments.
7.1 G reenhouse Experim ents
Pot experiments were conducted with rye grass using two sets of treatments with 
compost/zeolite and compost/iron oxide to study the bioavailability of heavy metals and 
their potential to immobilise heavy metals. Pots made of polyethylene were used with 1 
kg of soil with amendments for the greenhouse experiments. The soils were treated by the 
following combinations as shown in both the matrices. The matrix on the left show the 
treatment combinations of compost/zeolite and the matrix on the right show the treatment 
combinations of compost/iron oxide. For example, the treatment in red colour indicates 
that the pot contains 50 g of compost and 50 g of zeolite and 900 g of soil (5C5Z). The 
final soil volume is made up to 1 kg. The treatment in blue colour indicates that the pot 
contains 100 g of compost and 20 g of iron oxide and 880 g of soil.
Compost (wt %) Compost (wt %)
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There w ere totally  11 treatment com binations w ith  com post/zeolite and 12 w ith  
com post/iron  oxide treatment. In total, 138 pots w ith  different com binations were  
prepared for the greenhouse experim ents (six  replicates for each treatment). The 
treatment com binations used  are show n in Table 7.0.
Table 7.0 Treatment Combinations
Control soil 100% contaminated soil
Zeolite treatment set
Zeolite 5% zeolite (5Z) 
10% zeolite (10Z) 
15% zeolite (15Z)
Compost 5% compost (5C-zeo) 
10% compost (lOC-zeo) 
15% compost (15C-zeo)
Compost-Zeolite
5% compost, 5% zeolite (5C5Z) 
10% compost, 10% zeolite 10C10Z) 
5% compost, 15% zeolite (5C15Z) 
15% compost, 5% zeolite (15C5Z)
Iron oxide treatment set
Iron oxide 1% Iron oxide (1IO) 
2% Iron oxide (2IO) 
5% Iron oxide (5IO)
Compost 5% compost (5C-io) 
10% compost (lOC-io) 
15% compost (15C-io)
Compost-Iron oxide 5% compost, 1% Iron oxide (5C1IO) 
10% compost, 2% Iron oxide (10C2IO) 
15% compost, 1% Iron oxide (15C1IO) 
15% compost, 5% Iron oxide (15C5IO)
The pots w ere p laced in  random fashion  in different b locks in the polytunnel. 
During the grow ing period, the water content o f  the so il in  all pots w as m aintained (at the 
sam e tim e) by m anual watering w ith  tap water. A t the start o f  the experim ent, the w eigh t 
o f  the watered pots w ere noted dow n and on the subsequent days the pots w ere m easured  
again and according to the difference in w eight, water w as added.
7.1 Biom ass Growth
Seedling em ergence from  m ost o f  the pots w as observed in the second  w eek  after 
sow ing the seeds. A t day 40 , visual observations regarding the grow th o f  rye grass w as  
recorded. The results indicated that there w as no grow th observed in  control sam ples, 
iron ox ide and zeo lite  pots whereas the plants grow n in pots w ith  higher concentrations o f  
com post/iron ox ide and com post/zeolite w ere m uch larger w ith  a healthy appearance. 
Figure 7 .0  show s no grow th in the pots containing control sam ples.
I l l
Figure 7.0 Pots with control sample
With increasing the amount of composts, biomass production increased 
significantly (Figure 7.1). It was observed that a high percentage o f compost (15C) 
produced high biomass due to the supply of N, P, K in the compost. Although all soil 
treatments were without the supply of a fertiliser, nutrients especially N, P and K supplied 
by the compost might have contributed to the increase in growth of the plants (Stewart et 
al., 2000). As the soil sample was sandy in texture, compost addition would increase its 
water holding capacity. In the 5C pots, only scanty growth was observed with few grass 
blades and the grass in 10C and 15C treatments showed healthier and denser grass blades. 
It was quite evident from the observation that with 15C good greening was observed 
compared to the lower compost treatments (5C and 10C).
Figure 7.1 Pots showing rye grass growth in 15C, 10C and 5C (Left to Right)
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From the visual observations, the pots with 15C5Z showed very good growth with 
long grass blades with a healthy look. With 15Z5C, medium growth was observed with 
few grass blades that are thin and the growth was not dense. Pots with 10C10Z have 
shown thin grass blades with scanty growth were observed. The added zeolite to the 
compost might have helped in improving the soil's ability to hold nutrients provided by 
the compost. Zeolite, unlike other amendments (lime, gypsum) will remain longer in the 
soil, without breaking down, to improve nutrient retention (Zeolite Australia private 
limited, 2004).
Some authors have suggested that the decomposition of organic amendments 
(compost in this case) would counteract the metal immobilising capability of organic 
amendments (Madrid, 1999). In contrast, other studies have shown that stabilisation of 
heavy metal availability will occur with time after adding organic amendments (Chang et. 
al., 1997; Canetet. al, 1998).
Plants grown on 15C5IO showed dense growth with long and thick leaves (Figure 
7.2). The treatment pots with 15C5IO showed excellent growth in all replicate pots and 
good greening was observed with long and thick leaf blades. There were also 1-2 yellow 
blades in the pot. In the 15C and 15C1IO pots, good growth was observed with 1-2 
yellow blades. But the growth of the grass was not as dense as observed with 15C5IO.
Figure 7.2 Pots showing rye grass growth in 15C and 15C5IO
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The results in terms o f  b iom ass o f  rye grass are presented in Figures 7.3 and 7.4. 
Figure 7 .4  show s that the b iom ass obtained w ith  15C5Z and 10C 10Z w as higher than any  
o f  the com post/zeo lite com binations or com post alone treatments. It can also be seen  that 
as the com post percentage increases, the b iom ass grow th increased gradually. Figure 7.5  
show s that the grow th obtained w ith  15C1IO, 15C5IO and 15C w ere better than the rest 
o f  the treatments. The grow th o f  rye grass w ith  com post treatment alone has show n a 
sim ilar trend to com post treatment from  the zeo lite  set (both have show n a gradual 
increase in  the biom ass obtained as the percentage o f  com post increased). Figure 7.5  
illustrates an overv iew  o f  all the pots during growth period w ith  rye grass in  a polytunnel.
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CO
EO)
JCO)
1
CO
COre
Eo
m
10
9
8
7
6
5
4
3
2
1
0
Biomass with Compost/iron oxide treatment
5C1IO 10C2IO 15C1IO 15C5IO 5C 10C 15C
Figure 7.4 Biomass with compost/iron oxide treatment
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Figure 7.5 Plants grown in polytunnel for greenhouse experiments
Overall, it can be summarised that the amended soil was very much favourable for 
plant growth and the soil amendments re-established the vegetation on the highly 
contaminated soils. Due to the high toxicity and elevated concentrations of metals, the 
control samples could not provide any support to the plant growth and hence no growth is 
observed. The best result with respect to re-vegetation of the soil was obtained with the 
treatment mixtures 15C5IO and 15C5Z (treatments with higher pH yielded best growth). 
The higher percent of compost alone (15C) from the iron oxide set also yielded good plant 
growth. The visual observations recorded for the plant growth during the experimental 
period is shown in Tables 7.1 and 7.2.
Table 7.1 Visual observations from compost/iron oxide treatm ent pots
Treatment combination Observation
5C5IO Medium growth with one 
replicate showing good growth
15C510 Excellent growth in all pots. 
Good greening overall, with two 
pots with yellow leaves. Long 
and thick blades observed.
15C1IO Good growth observed with one 
to two yellow leaves.
10C2IO Medium growth observed. Not 
very dense. One pot showing
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very less growth compared to 
other pots.
5C Medium growth observed
IOC Medium to good growth 
observed.
15C Very good growth observed. 
Clearly better than 5C and IOC
Table 7.2 Visual observations from compost/zeolite treatm ent pots
Treatm ent combination Observation
5C5IO Medium growth with one 
replicate showing good growth
15C5IO Excellent growth in all pots. 
Good greening overall, with two 
pots with yellow leaves. Long 
and thick blades observed.
15C1IO Good growth observed with one 
to two yellow leaves.
10C2IO Medium growth observed. Not 
very dense. One pot showing 
very less growth compared to 
other pots.
5C Medium growth observed
IOC Medium to good growth 
observed.
15C Very good growth observed. 
Clearly better than 5C and IOC
7.2 Bioavailability o f H eavy M etals/M etalloid
The m ain objective o f  this section  is to determ ine the b ioavailab ility  o f  
m etals/m etalloid  to rye grass using various treatment m ixtures. In order to understand  
bioavailability, plant m aterials used for the greenhouse experim ents m ust be analysed. 
Plant uptake o f  the m etals is the first step o f  their entry into the food  chain. Plant uptake 
o f  the elem ents is dependent on m ovem ent o f  m etals from  so il to plant root, elem ents  
crossing the epidermal ce lls  o f  the root, transport o f  elem ents into xy lem  from  w here the  
elem ents are passed  from  roots to shoots, p ossib le transport from  leaves to storage tissue. 
The plant uptake o f  m etals is determined by the analysis o f  pow dered plant material. The  
experim ental procedure fo llow ed  for the analysis o f  plant material for b ioavailab ility  is  
explained in the section  5 .5 .5 . The results w ou ld  help in  assessing the potential o f  these  
so il am endm ents for reducing the b ioavailability o f  m etals to plants.
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7.2.1 Copper in Plants
In m od em  agriculture, chem ical fertilisers have becom e the major source o f  crop 
macronutrients, and the role o f  organic matter and its application to so il have changed. O f  
concern in  agricultural system s is the uptake o f  m etals by plants and their p hytotoxic plant 
effects. P hytotoxicity o f  Cu depends on  the relative distribution o f  different chem ical 
form s, as a function o f  so il properties such as so il pH  and organic matter content. The 
speciation  and fractionation o f  Cu in com post am ended so ils predicts the elem ental 
m obility  in soil and bioavailability  to plants. Copper is an essential elem ent for plant 
growth. H ow ever, its presence in the so il in  quantities low er or higher than the required  
quantity could  affect the plant growth. Tucker et al., (1995) have suggested  that the Cu 
deficiency  in citrus can result in  dieback w h ile  ex cess amount o f  Cu m ay cause iron 
ch lorosis. Copper tends to accum ulate in the top few  centim etres o f  so il (as its m obility  in  
so il is low ) due to its binding by the organic matter. The organic matter content is h ighest 
in  the top soil. The phytotoxicity  o f  Cu depends on  its b ioavailability and is related to the 
distribution o f  Cu in various chem ical forms.
C hlorophyll production, protein synthesis and respiration are important plant 
functions that need copper. A bout 70  per cent o f  the copper in  plants is found in the 
chlorophyll. D efic ien cy  o f  Cu can result in  early aging or low ered lev els  o f  chlorophyll, 
w hich  leads to y ield  reductions that go  unnoticed i f  the d eficiency  is not severe (Solberg  
et al., 2005).
7.2.2 Analysis of the Certified Reference Material
A nalysis o f  the certified reference material IPE 151 (G rass-95 belongin g  to  
Poaceae) w as perform ed for the validation o f  the b ioavailability test. The C RM  w as  
tested along w ith the plant sam ples to validate the experim ental procedure. The certified  
value for Cu is  9.5 m g kg'1 and the determ ined value w as 8 m g kg'1. T he recovery  
obtained for Cu w as 85%, a value considered to be a good  indication o f  the quality  
assurance w ith  the procedure and equipm ent used  for this study.
7.2.3 Effect of Compost Addition on the Uptake of Copper in Rye grass
In the control sam ples, there w as no grow th o f  rye grass in  the pots (Figure 7 .6). 
In all the am ended so ils good  plant growth w as observed. The total percentage o f  
com post/iron oxide and com post/zeolite m ixes does not m ake up to 20%  in  all the
117
treatments, but the results from  these sets have been  com pared to exam ine the 
effectiven ess o f  the m ixtures for reducing the b ioavailability and overall phytotoxicity. 
The results could be used  to assess the best m ixture for rem ediation am ongst the tested  
com binations. The concentration o f  Cu in the rye grass w ith  10% and 15% com post from  
both zeo lite  and iron oxide sets is  show n in  Figure 7.6. The treatment w ith  10C and 15C  
from  the zeo lite  set has taken up higher amounts o f  Cu com pared to the ones from  the iron  
oxid e set (The 10C and 15C from  iron oxide and zeo lite  set indicates the pots from  
replicates o f  10C and 15C and it does not have any iron oxide or zeolite. See Table 7.0  
for clarification). For the sam e am ount o f  am endm ent, the uptake o f  Cu by 10C from  the 
iron ox id e set w as 36  m g k g -1 w hereas for the zeo lite , it w as 82 m g k g -1. Soluble Cu has 
affinity w ith  oxygen  and can bind w ith  organic matter (Garrido et al., 2 0 0 5 ), Fe and M n  
oxides and hydroxides. The organic material binds the copper and reduces its availability  
to the plants. There w as a positive correlation found betw een  the pH  o f  the so il and Cu 
uptake by plants (r=0.48). [“r” is the Pearson product-m om ent correlation coefficien t]. 
The value o f  r ranges from  + 1 .0  for a perfect positive correlation to -1 .0  for a perfect 
negative correlation. The value o f  r=0.0 indicates the absence o f  any correlation. V alues  
falling betw een  r=0 to r= + l presents varying degree o f  positive correlation w h ile  those  
falling in betw een  r=0.0 to r=-1.0 presents varying degree o f  negative correlation. The 
increase in the uptake o f  Cu by  the com post am ended so il from  zeo lite  set m ay be due to  
the longer period it w as left for stabilisation (as it is b elieved  that zeo lite  m ixed  in so il left 
for stabilisation yield s better results). Furthermore, the addition o f  15% com post m ight 
have increased the organic matter content o f  so il, w h ich  m ight have subsequently  
increased the CEC responsible for affecting solub le and exchangeable m etal lev e ls  
(Shum an, 1999; Y oo and James, 2002). Another possib le reason m ight be the increase in  
exchangeable Cu fraction in  the com post treatments from  the zeo lite  set com pared to the 
com post treatments from  the iron oxide set. H igh  so il Cu content o f  anthropogenic origin  
and organic matter addition m ight result in  the form ation o f  Cu com plexes w ith  d isso lved  
organic matter (M ench et al., 2005; Ruttens et al., 2006). K arapanagiotis et al., (1991)  
have suggested  that organic matter p lays a dom inant role in  controlling the behaviour o f  
Cu in so il, w h ich  is also a potentially binding site for this elem ent in com post-am ended  
so il (Z heljazkov and W arman, 2004).
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Figure 7.6 Bioavailability of copper in rye grass by compost treatment
7 .2 .4  E ffect o f  C o m p o st/Z eo lite  A d d itio n  on  the U p tak e o f  C o p p er  in R ye grass
Figure 7.7 represents the results obtained by the compost/zeolite addition on the 
uptake of copper in rye grass. The treatment 5C5Z has showed large uptake of Cu 
compared to the other treatments. Interestingly, when 10% of compost was used on its 
own (from both iron oxide and zeolite set), the take up of Cu was found to be 36 and 82 
mg kg'1 respectively (Table 7.3). When 50% of it was substituted with 5% zeolite (i.e 
5C5Z treatment), the uptake of Cu was found to increase significantly (209 mg kg '1). The 
sequential extraction has shown that the exchangeable fraction of Cu of 5C5Z was far 
higher than lOC-io, lOC-zeo and 10C10Z treatments. The total amount of Cu extracted 
by the treatment 5C5Z by sequential extraction was higher than that extracted by the rest 
of the compost/zeolite treatments. It was evident from the results that combining 5% 
compost with either 5% or 15% zeolite has resulted in higher uptake of Cu by the plants.
The treatment 15C5Z and 5C5Z have similar pH (4.86 and 4.85 respectively) and 
same concentration of zeolite (5%). However, the concentration of Cu take up in the rye 
grass by 15C5Z was lower (61 mg kg'1) than 5C5Z (209 mg kg '1). This can be 
hypothesised due to the difference in the amount of amendment (20% in the former case 
and 10% in the latter).
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Figure 7.7 Bioavailability of copper in rye grass by compost/zeolite treatment
Table 7.3 Comparison of take up of Cu by compost and compost/zeolite treatments
Treatment pH Cu mg kg'1 in rye grass
lOC-io 4.6 36
1 OC-zeo 5.1 82
10C10Z 5.5 51
5C5Z 4.9 209
5C15Z 4.7 110
15C5Z 4.9 61
Table 7.4 shows the uptake of Cu by 20% addition of the amendments. For easier 
comparison, the treatment combinations are written starting with concentration of zeolite 
(e.g 15C5Z as 5Z15C and so on). The results depicted in the table show a gradual 
increase in the percent of zeolite from 5%-15% with varied compost concentration. There 
is no trend observed in the uptake of Cu as the percent of zeolite increased. However, the
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optim um  uptake w as ach ieved  by  using 10% com post w ith  10% zeo lite  w ith  an increase 
in  pH  to 5.5.
Table 7.4 Comparison of take up of Cu by compost/zeolite treatments
Treatment p H Cu mg kg'1 in rye grass
5Z15C 4.9 61
10Z10C 5.5 51
15Z5C 4.7 110
The exchangeable fraction from  the sequential extractions is considered to be  
readily available for the uptake o f  plants. The decreasing order o f  the availability o f  Cu  
from  the exchangeable fraction by the com post/zeolite treatment is as fo llow s:
5C5Z > 10C10Z > 5C15Z > 15C5Z 
H ow ever, the uptake o f  Cu in  rye grass w ith  these treatments fo llow ed  the fo llow in g  
increasing order:
5C5Z > 5C15Z > 15C5Z > 10C10Z
There w as no particular trend observed w ith respect to the uptake o f  Cu and pH  o f  the 
treatments.
7.2.5 Effect of Compost/Iron oxide Addition on the Uptake of Copper in Rye grass
Figure 7.8 show s the uptake o f  Cu by com post/iron oxide treatment. The  
treatment 5C5IO  has resulted in  higher uptake o f  Cu by rye grass. This treatment has a 
pH  o f  3 .8 . The treatment com binations 15C5IO and 15C1IO have reduced the uptake o f  
Cu considerably. O nly 1.5% and 2% respectively  o f  the total Cu in  so il w as taken up by  
these tw o  treatments. The treatments 5C5IO  and 15C5IO have show n significant 
difference (P <  0 .05 ) in  the uptake o f  Cu. B oth  treatments have the sam e percent o f  iron  
oxide (5% ), but the percentage o f  com post w as increased from  5% to 15%.
The pH  o f  the treatment mixture has increased by increasing the percentage o f  com post 
(5C 5IO - 3.8 and 15C 5IO -5.3). R ye grass has taken up 2 7 7  m g k g '1 by 5C5IO  and on ly  24  
m g kg'1 by 15C5IO.
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Figure 7.8 Bioavailability of copper in rye grass by compost/iron oxide treatment
The following Table 7.5 shows the transfer coefficients (plant/soil ratio) in rye 
grass for copper. Transfer coefficients (plant/soil ratio) are established for amended soils 
that indicate the mobility of metal from soil to plant material. The transfer coefficient is 
defined as the elemental concentration in plant tissues relative to the total elemental 
concentration in the soil. A value higher than 1 indicates high mobility to plant and lower 
than 1 indicates reduced mobility. For all the amended soils, the coefficient was found to 
be less than 1. This implies that the mobility of the metal concentration after adding the 
compost mixtures was reduced.
Table 7.5 Plant/Soil ratio of copper for the amended soils
Treatment Plant/Soil ratio Treatment Plant/Soil ratio
5C5IO 0.16 15C5Z 0.03
10C2IO 0.05 5C15Z 0.06
15C1IO 0.02 lOC-io 0.02
15C5IO 0.01 15C-io 0.02
5C5Z 0.12 lOC-zeo 0.04
10C10Z 0.03 15C-zeo 0.03
As the treatments show the transfer coefficients below 1, there is very low risk of 
mobility of copper to plants from the contaminated soils after the addition of amendments.
1 2 2
7.3 Uptake o f Cadm ium  in Rye grass
7.3.1 Cadmium in Plants
Cadm ium  is a non-essential elem ent to plants but has attracted m ost attention in  
so il chem istry due to its m obility  in the soil-plant system  and its h igh  tox ic ity  to anim als. 
In plants, Cd inhibits root and shoot growth, affects nutrient uptake and hom eostasis, and 
frequently is  accum ulated by agriculturally important crops (Sanita di Toppi and G abrielli, 
1999). Cadm ium  pollution  is o f  scientific interest since Cd+2 is readily taken up by the 
roots o f  m any plant sp ecies and its tox icity  is considered to be 2 -20  tim es higher than that 
o f  other heavy m etals (Jagodin et al., 1995). A  decrease in the agricultural productivity is  
observed due to cadm ium  phytotoxicity  (B ingham  et al., 1976; V assilev  et al., 1996). 
E xcessive  am ounts o f  Cd in  so il causes tox ic  sym ptom s in  plants such as disturbances in  
mineral nutrition, carbohydrate m etabolism  and m ay also reduce biom ass production. 
The reduction in  b iom ass by Cd tox ic ity  m ay be due to the direct consequence o f  the  
inhibition o f  chlorophyll synthesis and photosynthesis.
7.3.2 Effect of Compost Addition on the Uptake of Cadmium in Rye grass
The so il am endm ents used w ere effective in reducing the uptake o f  Cd by rye 
grass. A s there w as no grow th on the control sam ple, the percent b ioavailab ility  o f  the 
am ended sam ples com pared to the control sam ple could not be quantified. The 
determ ined value for Cd in the certified reference material IPE 151 w as 0.11 m g k g '1 and 
the certified value is 0 .12  m g kg'1. The recovery obtained for Cd w as 98% . Figure 7.9  
show s the uptake o f  Cd by com post treatment in rye grass. The uptake o f  Cd by 15C w as  
higher than 10C in both the iron oxide and zeo lite  sets (The pots o f  10C and 15C from  
iron oxide treatment set and zeo lite  treatment set. See Table 7 .0  for clarification). The pH  
o f  15C from  both the sets w as sim ilar (5.31 and 5.33 respectively). H ow ever, the uptake 
o f  Cd by 15C w as higher in the zeo lite  set.
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Figure 7.9 Bioavailability of cadmium in rye grass by compost treatment
7.3 .3  E ffect o f  C o m p o st/Z eo lite  A d d itio n  on th e U p ta k e o f  C ad m iu m  in R y e grass
Figure 7.10 shows the uptake of Cd by compost/zeolite treatment in rye grass 
treatment. The treatment 5C5Z has yielded the best result amongst compost/zeolite 
treatment set and reduced the uptake to 3 mg kg'1. Keeping the concentration of the 
zeolite constant at 5%, when the compost concentration changed from 5% to 15%, a 
significant difference was observed in both treatments (5C5Z and 15C5Z). For 5C5Z 
with a pH of 4.9, the uptake was 3 mg kg '1 and for 15C5Z with the same pH of 4.9, the 
uptake was 19 mg kg '1, a six fold increase. There was no significant difference observed 
between the treatments 15C5Z and 5C15Z. Both treatments have a pH below 5 and the 
uptake was 19 and 16 mg kg"1 respectively. The treatment 10C10Z had the highest pH 
amongst the combinations (5.5) and has taken up 12 mg kg '1. Similar to Cu uptake, there 
was no particular trend observed in the uptake of Cd by rye grass. However, a 
combination of lower percent of compost and zeolite at a pH of 4.85 tend to restrict the 
uptake of the metal efficiently.
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Figure 7.10 Bioavailability of cadmium in rye grass by compost/zeolite treatment
7.3 .4  E ffect o f  C o m p o st/Iro n  ox id e A d d itio n  on th e U p tak e o f  C ad m iu m  in R ye
Figure 7.11 shows the uptake of Cd in rye grass by compost/iron oxide treatment. 
The treatment 5C510 has reduced the uptake of metal to 3 mg kg’1 (pH = 3.8). There was 
no significant difference observed between the treatments 10C2IO and 15C1IO with 
respect to the uptake of Cd, although the total amount of amendment added varied. 
Although the amount of exchangeable Cd with 15C5IO (pH = 5.4) was < 1%, the 
bioavailability for rye grass was 27 mg kg"1. At lower pH, the uptake of Cd by rye grass 
was reduced effectively. This must be due to the conversion of non-residual fractions to 
residual fractions, which is not available for uptake. A positive Pearson’s correlation 
coefficient (r= 0.63) was obtained between uptake of Cd and pH of soil. This indicates 
that at low pH, the uptake of Cd by plants would be lower and vice-versa.
The transfer coefficients for cadmium in rye grass with various amendments are 
shown in the Table 7.6. Similar to Cu, the transfer coefficients for all the mixtures was 
found to be below 1. This implies that the mobility of cadmium into rye grass after the 
addition of amendments in contaminated soil is low.
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Figure 7.11 Bioavailability of cadmium in rye grass by compost/iron oxide treatment
Table 7.6 Transfer coefficients of cadmium for the amended soils
Treatment Plant/Soil ratio Treatment Plant/Soil ratio
5C5IO 0.003 15C5Z 0.02
10C2IO 0.02 5C15Z 0.01
15C1I0 0.02 lOC-io 0.01
15C5IO 0.03 15C-io 0.02
5C5Z 0.003 lOC-zeo 0.02
10C10Z 0.01 15C-zeo 0.04
7.4 Uptake of Arsenic in Rye grass
7.4.1 A rsen ic  in P lan ts
The Handbook of Trace Elements (Pais and Jones, 1997) states that As is toxic in 
plants at concentrations of 5 to 10 ppm. The U.S Public Health Service sets the maximum 
As concentration for fruits and vegetables at 2.6 ppm fresh weight. Terrestrial plants may 
accumulate arsenic by root uptake from the soil or by adsorption of airborne arsenic 
deposited on the leaves, some species accumulating substantial levels. Arsenic species 
can enter into edible tissues of food crops through absorption (i.e. not just surface 
contamination) (Woolson, 1973; Helgesen and Larsen, 1998).
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The phytotoxic actions o f  inorganic and organic arsenicals are m odified  by the 
environm ent in  w h ich  the plant is  grow ing. D om inant factors include iron, alum inium , 
calcium  and phosphate content o f  the so il, and pH. L evels o f  so il arsenic reported to be  
tox ic  to plants span a broad range. In general, arsenate is less  tox ic  to plants than arsenite. 
The primary m echanism  o f  arsenite tox ic ity  is  considered to be due to its binding w ith  
protein sulfhydryl groups (Lakso and P eoples, 1975). A rsenite penetrates the plant cuticle  
to a greater degree than arsenate (N A S , 1977). O ne o f  the first indications o f  plant injury 
by sodium  arsenite is  w ilting caused by lo ss  o f  turgor (the status o f  water content o f  a 
plant ce ll), whereas stress due to sodium  arsenate invo lves chlorosis but not rapid lo ss  o f  
turgor (N A S , 1977). Arsenate is know n to uncouple phosphorylation by replacing  
phosphate; the coupled  oxidative phosphorylation o f  adenosine diphosphate is b locked. 
O rganoarsenicals such as D M A  enter plants m ostly  by absorption o f  sprays; uptake from  
the so il contributes on ly  a m inor fraction. The phytotoxicity  o f  organoarsenical 
herbicides is characterized by ch lorosis, cessation  o f  growth, gradual brow ning, 
dehydration, and death (N A S , 1977). There is a m uch better correlation betw een  plant 
grow th and available arsenic than betw een  plant grow th and total arsenic (W oolson  et al., 
1971; W alsh and K eeney, 1975).
7.4.2 Effect of Compost Addition on the Uptake of Arsenic in Rye grass
In the unam ended so ils, there w as no grow th o f  rye grass in  the pots (Figure 7 .12). 
In all the am ended so ils  significant (P <  0 .05) plant grow th w as observed. In the am ended  
pots, arsenic concentrations in  the rye grass shoots varied from  2 m g k g '1 D W  to 34 m g  
kg"1 D W . There w as no significant d ifference observed in the arsenic uptake by  10% and 
15% com post treatments (P >  0 .05). The plants from  the 10% com post treatment have  
taken up higher (78%  higher than 5% com post and 60%  higher than 15% com post) 
amounts o f  arsenic com pared to other com post treatments.
The electrical conductivity o f  the 10% com post is  found to be higher (611 S cm '1) 
than other treatments. This m ight have affected the cation exchange capacity o f  so il and 
m ight also have affected the exchangeable arsenic fractions. H ow ever, it is  interesting to 
note that the b iom ass growth by the 5% com post treatment w as lo w  (97%  low er than 10%  
com post and 98%  low er than 15% com post) but it reduced the leach ing and 
bioavailability  o f  arsenic significantly (leaching: 25%  less than 10% com post and 53%  
le ss  than 15% com post) com pared to 10% and 15% com post treatment.
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Figure 7.12 Bioavailability of arsenic in rye grass with compost treatm ent
7 .4 .3  E ffect o f  C o m p o st/Z eo lite  A d d itio n  on th e U p tak e o f  A rsen ic  in R ye grass
Similarly, the sorption o f metalloid by increasing pH and CEC by zeolites might 
have resulted in the decreased bioavailability o f arsenic. A higher uptake o f arsenic by 
rye grass was observed with 5C5Z treatment (Figure 7.13).
The application o f 15C5Z has substantially reduced the arsenic concentration in 
rye grass compared to other treatments. (2.2 mg kg’1). The soil pH o f 15C5Z was 1.6 
units higher than the control treatment (3.2). The increase in pH might have led to arsenic 
adsorption by compost and zeolite. The humic substances in compost had a significant 
impact. The decrease in the bioavailability by compost/zeolite might be due to sorption 
onto the zeolite's surface and pH effect. Generally, the addition o f zeolites leads to an 
increase in pH, which results in the net negative charge o f colloids present in soils such as 
iron oxides, clay and organic matter. The addition o f 15% compost increased the organic 
matter content o f soil, which might have subsequently increased the adsorption and 
exchange capacity responsible for affecting soluble and exchangeable metal levels 
(Shuman, 1999; Yoo and James, 2002). The addition o f more compost and low zeolite 
(15C5Z) had biggest impact on reducing metal availability than more zeolite and less
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compost (15Z5C). Sequential extractions show that the soluble and exchangeable fraction 
o f 15C5Z is significantly lower compared to the unamended soil.
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Figure 7.13 Bioavailability of arsenic in rye grass with compost/zeolite treatm ent
7 .4 .4  E ffect o f  C om p o st/Iro n  ox id e A d d itio n  on th e U p tak e o f  A rsen ic  in  R ye grass
Figure 7.14 shows the concentration o f  As in rye grass with compost/iron oxide 
treatment. Adsorption o f arsenic by the organic matter in the compost coupled with the 
ability o f iron oxide to reduce the mobility o f arsenic in soil has yielded in the reduced 
uptake o f arsenic by plants.
In all the studied cases, the transfer coefficient, Tc was found to be less than one 
for arsenic. For the first two treatments (15C5IO and 15C5Z), it is almost negligible. Iron 
oxide is known for its ability to form complexes with arsenic. Arsenic forms compounds 
like FeHAs04 and FeFUAsOa in the presence o f iron compounds (Carrillo and Drever, 
1998). The maximum adsorption o f arsenate onto iron oxide takes place around pH 5 (the 
pH o f 15C5IO was 5.2).
Iron oxides and hydroxides are known to be the principal retention agents for 
arsenic in aerobic soils (Kabata-Pendias, 2001). Hydroxide ions replace As in adsorption 
sites, releasing As into the soil solution (Carbonell-Barrachina et al., 1999), but the 
retention o f As by Fe and Mn oxides decreases with increasing soil pH.
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In the so ils  am ended w ith  com post, increasing m etal concentrations and changes 
in  the distribution o f  m etals in  the long term are generally reported to increase the m etal 
concentrations in  the tissues o f  the plants grow ing in the so il (G igliotti et al., 1996; Zhao 
et al., 1997). Copper tends to be m ore strongly sorbed in so il and plants regulate the 
uptake o f  this elem ent m ore effec tively  than they do other elem ents (K abata-Pendias and 
Pendias, 1992). pH  played an important role in  the uptake o f  heavy m etals by  rye grass. 
This corresponds to results o f  Chu and W ong (1 987) that have applied m unicipal solid  
w aste (M SW ) com post and sew age sludge to a loam y sand so il in  a pot experim ent and 
have grow n variety o f  vegetab le crops. Crops grow n on  com post-treated so il accum ulated  
sm aller amount o f  m etals com pared w ith  sludge, despite its larger m etal content. This 
w as due to the higher pH  and lim ing effect observed w ith  M SW -com post and higher 
organic matter content, w h ich  has reduced the m etal availability. Sim ilar to the results 
obtained in these experim ents, Shuman et al., (2002) reported that com posted  sludge  
significantly decreased the b ioavailability  o f  Cd by m aize as a soluble salt to a relatively  
acid silty  loam  so il w ith  pH  5.5 in a pot experim ent.
McGrath et al., (2 000) have reported that there w as no difference observed in  the 
bioavailabilities o f  Zn and Cd to red beet, sugar beet or barley w ith  sew age sludge or 
com posted  sludge am ended so ils. This suggests that in  the long term, the type o f  organic 
matter am endm ent and stabilisation treatment process m ight not have overall sign ificance  
for the uptake o f  heavy m etals in am ended soil. H ow ever, the sludge and com post 
applied to the W oburn so il had an exceptionally  h igh m etal content and the short term  
study suggested  that this m ay increase the uptake o f  m etals in  com post-am ended soils. 
A lthough a significant amount o f  organic matter had decom posed  fo llo w in g  the last 
application o f  sludge and com post to the W oburn soil, there w as no ev idence o f  an 
increase in  uptake o f  Cd and Zn by the plants w ith  tim e.
It can be inferred that a treatment, w h ich  works effec tively  for one aspect, m ay not 
alw ays be the best for another. H ence, an optim um  treatment that g ives an overall best 
result w ith  respect to leaching, b ioavailability and plant grow th m ust be selected  for 
rem ediating purposes.
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Figure 7.14 Bioavailability of arsenic in rye grass with compost/iron oxide treatm ent
7 .5  Summary
The results o f the greenhouse experiments have shown that there was no growth in 
the control sample. The addition o f zeolite and iron oxide did not support the growth o f 
rye grass. Compost on its own has yielded better growth o f rye grass compared to other 
amendments. Increasing the percentage o f compost from 5% to 15% has improved the 
growth significantly and the grass was dense and greener in appearance. The combination 
o f compost/zeolite and compost/iron oxide treatment mixtures was effective in vegetating 
the contaminated soil. The growth o f the grass with these treatments was higher and 
thicker than compared to rest o f the treatments. The best results with respect to plant 
growth were obtained with 15C5Z and 15C5IO. The uptake o f metals by rye grass was 
measured after the harvest and the treatments 15C5IO and 15C1IO have reduced the Cu 
bioavailability significantly compared to other treatments. The concentration o f Cu in rye 
grass with these treatments was 24 and 35 mg kg’1 respectively. The percentage o f uptake 
was 1% and 2% respectively compared to the total amount o f Cu present in the 
contaminated soil. For Cd, the treatments 5C5Z and 5C5IO have reduced the uptake o f 
the metal to 3 mg kg’1 respectively, which is less than 1% o f the total metal concentration 
present in the soil. For As, the treatments 15C5IO and 15C5Z have yielded the best result 
in reducing the uptake o f the metal (to 2 mg kg’1). This represents < 0.01% o f the total
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amount o f  As in the soil. The pH o f  the treatment combination has played a crucial role 
in reducing the uptake o f  the metal.
Overall, one particular treatment cannot be suggested as the solution for 
remediating the mixed metal contaminated soil. But the treatment mixtures 15C5Z and 
15C5IO were good at re-vegetation o f  the highly contaminated soil and also in restricting 
the uptake o f As (present in high concentrations o f 34470 mg kg '1) in rye grass. Field 
trials have to be conducted before taking into consideration the best overall treatment 
mixture for the remediation o f  contaminated soil.
A  comprehensive knowledge o f  the interactions between the metals and soil 
matrix is required to judge their environmental impact. The determination o f  only total or 
pseudototal metal content is not an indicator o f  the mobility or bioavailability o f  heavy 
metals in soil. M obility o f metals is important to understand their behaviour and fate. 
The following chapter presents the results o f  sequential extractions and batch leaching 
tests.
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CHAPTER 8
SEQUENTIAL EXTRACTION
AND
BATCH LEACHING RESULTS
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8 Sequential Extractions Studies
The modified BCR procedure was used for the sequential extraction o f the soils in 
this study. Sequential extractions were designed for the selective extraction o f  trace 
metals from operationally defined sediment solid fractions (Tessier et al., 1979; Salomons 
and Forstner, 1980; M eguellati et al., 1983). The sequential extraction procedures are not 
fully specific in extracting the metal bound to a given solid fraction. However, they 
provide comparative information on the mobility o f  metals in changing environmental 
conditions such as pH  and redox potential. The three step BCR sequential extraction 
procedure was performed in triplicates (Rauret et al., 2001). The authors have observed 
that this procedure showed a good inter-laboratory reproducibility for most o f  the metals 
such as Cd, Cr, Cu, Ni, Pb and Zn in three steps for the contaminated soil samples. A 
certified reference material BCR 701 Extractable Trace metals in Lake Sediment was used. 
The blank values obtained in the determination o f  metals were negligible. All materials 
used were oven-dried. The four fractions used in the BCR method are shown in Table 8.0. 
The supernatant from each step was removed for analysis and the residue after each 
extraction was washed with 20 ml double distilled water before proceeding to the next 
extraction step.
Table 8.0 Four fractions in the BC R sequential extraction
Extraction Step Chemicals used and the metal fraction extracted
Fraction 1 Acetic acid-extracts the metals that is exchangeable
Fraction 2 Hydroxylamine hydrochloride-extracts the metals bound to 
Fe and Mn oxides to their ferrous and manganous forms
Fraction 3 Hydrogen peroxide-does the oxidation and the reaction with 
ammonium acetate extracts the metals that are oxidisable 
(sulphides and organic phases)
Residual Residual fraction determined by aquaregia procedure
8.1 Q uality Control o f Fractionation Studies
A suitable Certified Reference M aterial (CRM) should be used for the 
quantification o f  metal fractions in contaminated soil. The m ost commonly used CRM  is 
BCR 701 Extractable Trace Metals in Lake Sediment (Sequential Extraction). The
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quality o f  the analytical data for the sequential extraction procedure w as assessed  by  
carrying out analyses o f  the CRM  701. This procedure has been su ccessfu lly  applied for 
arsenic fractionation in  so il (H errew eghe et al., 2003). The extractions are expressed  as a 
percentage o f  the total m etal extracted in all four steps and not on  the total arsenic content 
in  soil. The certified and m easured values o f  B C R  701 are show n in  Table 8.1. “n” is the 
num ber o f  sam ples used  in the experim ent (triplicates). There w as a general agreem ent 
o f  the m easured values w ith  the certified values for the m etals in  all the steps. Certified  
values are the provided by the supplier o f  B C R  701 and the determ ined values are 
obtained w ith  the experim ental procedure in our lab.
Table 8.1 Certified and determined contents in CRM BCR 701
Element
Step 1 (pg g 1) Step 2 (pg g'1) Step 3 (pg g 1) RSD
(°/o)
Certified determined Certified determined Certified determined
Cu 49.3±1.7 46.4±0.78 124±3 104±2 55.2±4 55±4 6.7
Cd 7.34 ±0.35 8.10±0.46 3.77 ±0.28 4±0.35 0.27 ± 0.06 0.23±0.02 4.8
n=3, mean ± std.dev.
Pseudototal d igestion  o f  the control sam ple w as also carried out w ith  the 
aquaregia ISO (International Organization for Standardization) N orm  11466 as an 
internal check. The recovery o f  the m etals Cu and Cd are m entioned in Table 8.2. The 
certified reference material used  w as B C R  701. The recoveries o f  the m etals are 
calculated by the fo llow in g  equation:
Recovery = [(Fractionl+Fraction2+Fraction3+ResiduaI) / Pseudototal] * 100 (Equation
The overall recovery o f  the m etals w as in good  agreem ent except for Cu w h ich  has 
recovered a higher percent o f  the m etal. The recovery o f  Cu by pseudototal extraction  
w as 120%. The total concentration o f  Cu for the sequential extraction procedure is h igher 
than that in  the aquaregia m edium . This m ay be due to the fact that extractable Cu is  
dom inantly associated w ith  oxidisab le phase and w hen  a suitable extractant w as used  in  
the sequential experim ents, the amount o f  Cu extracted from  this phase w as very h igh  
(1504 mg kg'1).
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For the graphs, the abbreviations used  are Z-IOC (IOC from  zeo lite  set), Z -15C  
(15C  from  zeo lite  set), I-IOC (IOC from  iron ox id e set) and I-15C  (15C  from  iron ox id e set).
Table 8.2 Pseudo total digestion of control sample
Element S1+ S2 + S3 + Residual Direct 
Aqua regia 
Extraction
Recovery
(%)
As 679 697 97
Cu 2747 2273 120
Cd 36 40 90
8.2 Sequential Extraction Results for Arsenic
8.2.1 Sequential Extraction of Arsenic by Compost Treatment
In the unam ended soil, arsenic w as predom inantly associated w ith  the residual 
fraction (69% ) fo llow ed  by Fe-M n ox id e fraction (11% ) (Figure 8.0). A s  expected , 
com post addition reduced significantly A s in the soluble fraction (P <  0 .05 ) w ith  A s  
reduction betw een  8% to 38% , but increased the organic-sulfide bound fraction by 6% to  
17%. The treatment m ixtures 10C and 15C for both the iron oxide and zeo lite  sets have  
show n sim ilar behaviour in the reduction o f  so luble fractions com pared to the control 
sam ple. T hese treatments have also responded sim ilarly w ith  respect to a decrease in  A s  
content in the reducible fraction (Fe-M n oxide fraction). A ll the com post treatment 
m ixtures have increased the A s content in the organic fraction (organic-sulfide) com pared  
to the control sam ple. The pH  o f  the treated sam ples varied from  4 .6  to 5.3 . The pH  o f  
15C w as higher than 10C for both the iron oxide and zeo lite  sets. A n  increase in  pH  in  
the treated so ils  and the organic matter present in the com post m ight have led  to a 
decrease in the soluble A s. These results w ere consistent w ith  the studies by Cao et al., 
(2003) and X u  et al., (1991).
A rsenic adsorption by com post reaches a m axim um  at pH  5 and decreases its 
m obility  (X u et al., 1991). The presence o f  organic matter m ay either increase the 
adsorption o f  arsenic or increase its availability in  the presence o f  solub le organic matter 
(Cao et al., 2003; K albitz and W ennrich, 1998). A lthough it is  m ost unlikely  that the
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adsorbed arsenic is desorbed again, it could desorb as arsenic when it combines with Fe 
and Al oxides by hydrolysis due to the reduction of the soil redox potential. The major 
presence of arsenic in the residual phase indicates that most of the arsenic remains in the 
primary and secondary arsenic bearing minerals from the ores (Mendez and Armienta, 
2003). The second highest percent of arsenic related to the reducible (Fe-Mn oxide) 
fraction may have contributed to the role of Fe oxides as the primary adsorption sites for 
arsenic in most soils and sediments (Roussel et al., 2000). But a change in the redox 
conditions may lead to solubilisation of oxides and subsequent release of arsenic.
Arsenic sequential extraction-compost treatm ent
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Figure 8.0 Sequential extraction of arsenic by compost treatm ent
The decreasing order o f percent As associated with different fractions with 
compost treatment was in the following order as shown below. It can be inferred from the 
results that the soluble form of arsenic can be significantly transformed into bound forms 
including the organic, sulphide and residual forms after addition of the amendments.
Control: Residual fraction (69%) > Reducible fraction (11%) > Organic fraction (10%) 
> Exchangeable fraction (9%))
I10C: Residual fraction (74%>) ^  Organic fraction (13^ %)) ^  Reducible fraction  (7% ) rw 
Exchangeable fraction (7%o)
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I15C: Residual fraction (72%) > Organic fraction (12%) > Reducible fraction (10%) > 
Exchangeable fraction (6%)
Z10C: Residual fraction (71%) >  Organic fraction (12%) >  Reducible fraction (10%) >  
Exchangeable fraction (6%)
Z1SC: Residual fraction (71%) > Organic fraction (11%) > Reducible fraction (9%) > 
Exchangeable fraction (9%)
8.2.2 Sequential Extraction of Arsenic by Compost/Zeolite Treatment
Figure 8.1 show s the percentage o f  A s extracted by the com post/zeolite  treatment. 
There w as no significant difference (P > 0.05) observed betw een  the treatments w ith  
respect to the percentage o f  A s being extracted in all the fractions. Interestingly, there 
w as no significant d ifference observed (P > 0.05) betw een the treatments and control 
sam ple in the concentration o f  A s. The decreasing order o f  percent A s associated  w ith  
different fractions w ith  com post/zeolite treatment w as in the fo llow in g  order:
Control: Residual fraction (69%) > Reducible fraction (11%) > Organic fraction (10%)
> Exchangeable fraction (9%)
5C5Z: Residual fraction (71%) ^  Organic fraction (133^)) ^  Reducible fraction  (  1 0 ^  
Exchangeable fraction (6%)
10C10Z: Residual fraction (69%) >  Organic fraction (13%) >  Reducible fraction (10%)
> Exchangeable fraction (8%)
5C15Z: Residual fraction (71%) > Organic fraction (11%) > Reducible fraction (10%) > 
Exchangeable fraction (8%)
15C5Z: Residual fraction (73%) ^  Organic fraction (  12 ^  R.educible fraction  (9^^) ^
Exchangeable fraction (8%)
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Figure 8.1 Sequential extraction of arsenic by compost/zeolite treatm ent
8.2.3 Sequential E x traction  of A rsenic by C om post/Iron  oxide T rea tm en t
The soils amended with compost and iron oxide have shown a decrease in As 
concentration in the exchangeable fraction compared to the control (Figure 8.2). Arsenic 
in the soluble fraction was observed, which represents the most mobile and bioavailable 
fraction. Overall, a reduction o f arsenic in the exchangeable fraction from 11% to 34% 
was observed in these samples. This is probably due to the adsorption o f arsenic by the 
organic matter present in the compost. The reduction o f As in the reducible fraction 
ranged from 19%-13% compared to the control sample. There was no significant 
difference observed between the amounts o f As extracted in the reducible fraction with all 
the compost/iron oxide treatments (P > 0.5). However, the percent o f  As in the oxidisable 
fraction ranged from 17% to 14%. Arsenic was extracted to a maximum in the residual 
fractions for compost/iron oxide treatments. The decreasing order o f percent As 
associated with different fractions with compost/iron oxide treatment was in the following 
order:
Control: Residual fraction (69%) > Reducible fraction (11%) > Organic fraction (10%) 
> Exchangeable fraction (9%)
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5C5IO : Residual fraction (71%) > Organic fraction (12%) > Reducible fraction (10%) > 
Exchangeable fraction (6%)
10C2IO: Residual fraction (70%) > Organic fraction (13%) >  Reducible fraction (10%)
> Exchangeable fraction (7%o)
15C5IO: Residual fraction (71%) > Organic fraction (12%) > Reducible fraction (10%)
> Exchangeable fraction (7%o)
15C1IO: Residual fraction (69%) > Organic fraction (12%o) > Reducible fraction (10% )
> Exchangeable fraction (9%)
The sequential extraction results indicate that arsenic bearing phases in deep soil 
are stable. It is quite a common finding that a high proportion o f the total arsenic present 
in historically contaminated soils is extracted in the residual fraction only (Voight et al., 
1996; Kavanagh et al., 1997). In the amended soils, the exchangeable fraction o f As 
analysed decreased, while oxidisable fraction increased. An increase in pH caused by the 
addition o f amendments must have favoured the heavy metal precipitation leading to 
reduced metal solubility. In the case o f treatments with compost combination, metal 
sorption by charged colloids from organic matter must have led to a decrease in the 
concentration o f soluble metal (Gray et al., 2006). Furthermore, iron oxide could have 
increased the adsorbing capacity o f the amended soil. Iron oxide (in the form o f hematite) 
used can bind As by both inner and outer sphere adsorptions (Bruemmer et al., 1988).
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Figure 8.2 Sequential extraction o f arsenic by com post/iron oxide treatment
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8.3 Sequential Extraction Results for Copper
8.3.1 Sequential Extraction of Copper by Compost Treatment
The accuracy o f the reference material was subjected to the same procedure as 
other soil samples and analysed at the same time. The results (mean values ± standard 
deviation for n=3) o f  determined Cu in comparison w ith certified values are already 
presented in the above section. Precision and accuracy were assessed using three 
replicates from a single bottle o f  BCR 701. Precision (%) was defined as [standard 
deviation/mean] xlOO. Precision was high for all fractions for Cu with m ost values < 5% 
(Table showing certified and determined values).
Accuracy (%) =  (Determined concentration-Certified concentration)
--------------------------------------------------- xioo
(Certified concentration)
(Equation 8.1)
The certified values are the published values for BCR 701 using the optimised 
BCR procedure (Rauret et al. 2001). In the control sample, the greatest percent o f  Cu was 
associated with organic fraction (55%) followed by the residual fraction (26%) (Figure 
8.3). The percent o f  total Cu associated with different fractions in the control sample was 
in the following order:
Organic fraction (55%) > Residual fraction (26%) > Reducible fraction  (13%) > 
Exchangeable fraction (6%)
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Figure 8.3 Sequential extraction of copper by compost treatm ent
The Cu concentration in the compost alone amended soils has shown that there 
was a significant decrease (92% to 72%) in the exchangeable fractions (P < 0.5) compared 
to the control sample. Similarly, a decrease in the reducible fraction was observed with 
the compost treatments except with Z10C, where a 28% increase in the metal 
concentration was observed. The oxidisable concentration has also decreased in the 
amended samples ranging from 45% to 23%. A decrease in the residual fraction with 10C 
and 15C was observed from iron oxide set; however, the 10C and 15C from zeolite set has 
shown an increase in the residual fraction (33% and 27% respectively). The total amount 
o f Cu extracted by HOC is found to be less than the other compost treatments. The 
decreasing order o f percent Cu associated with different fractions with compost treatment 
was in the following order:
Control: Organic fraction (55%) > Residual fraction (26%) > Reducible fraction (13%>) 
> Exchangeable fraction (6%)
I10C: Organic fraction (59%) > Residual fraction (38%) > Reducible fraction (2%) ~  
Exchangeable fraction (1%)
I15C: Organic fraction (52%) > Residual fraction (35%) > Reducible fraction (12%)) > 
Exchangeable fraction (1%)
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Z10C: Residual fraction (40%) > Organic fraction (39%) > Reducible fraction (19%) > 
Exchangeable fraction  (2%)
Z15C: Organic fraction (49%) > Residual fraction (39%) > Reducible fraction  (11%) > 
Exchangeable fraction (1 %)
8.3.2 Sequential Extraction of Copper by Compost/Zeolite Treatment
Figure 8 .4  show s the amount o f  Cu extracted by  com post/zeo lite treatments. The 
copper concentration in the exchangeable fraction decreased from  6% to 1% w ith  
com post/zeolite m ixtures com pared to the control (Figure 7 .4). In the reducible fractions, 
the Cu concentration decreased from  13% in  the control sam ple to 6% in  the treated  
sam ples. In the residual fractions, an increase o f  copper content w as observed from  26%  
(control) up to  54%  (am ended sam ples). The decreasing order o f  percent Cu associated  
w ith different fractions w ith  com post/zeolite treatment w as in the fo llow in g  order:
Control: Organic fraction (55%) > Residual fraction (26%) > Reducible fraction (13%)
> Exchangeable fraction (6%)
5C5Z: Organic fraction (48%) > Residual fraction (44%) > Reducible fraction  (6%) > 
Exchangeable fraction (3%)
10C10Z: Organic fraction (49%) > Residual fraction (34%) > Reducible fraction  (13%)
> Exchangeable fraction (4%)
15C5Z: Residual fraction (54%) > Organic fraction (37%) > Reducible fraction  (9%) »  
Exchangeable fraction (0%)
5C15Z: Residual fraction (53%) > Organic fraction (37%) > Reducible fraction  (9%) > 
Exchangeable fraction (1%)
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Figure 8.4 Sequential extraction of copper compost/zeolite treatment
8 .3 .3  S eq u en tia l E xtraction  o f  C op p er  by C o m p o st/Iro n  ox id e T rea tm en t
Figure 8.5 shows the amount o f Cu extracted by compost/iron oxide treatments. A 
significant reduction (P < 0.05) in the exchangeable fraction o f Cu was observed with the 
treatments 15C5IO and 15C1IO compared to the control. The exchangeable Cu fraction 
was not detected with the treatment 15C5IO. The oxidisable fraction decreased from 55% 
in the control sample to 46% and 38% respectively with 15C1IO and 15C5IO respectively. 
The residual fraction has increased from 26% in the control sample to 52% and 49% with 
15C1IO and 15C5IO respectively. This is an encouraging result as residual fractions are 
non-bioavailable to the plants. The concentrations o f oxidisable fractions from the 
treatment 5C5IO are higher than that compared to the residual fractions. This indicates 
that Cu might be available to plants during the oxidising conditions in the soil. The 
decreasing order o f percent Cu associated with different fractions with compost/iron oxide 
treatment was in the following order:
Control: Organic fraction (55%) > Residual fraction (26%) > Reducible fraction (13%) 
> Exchangeable fraction (6%)
5C5IO: Organic fraction (48% ) > Reducible fraction (39%) > Residual fraction (8% ) > 
Exchangeable fraction (4%o)
10C2IO: Residual fraction (47%o) ^  Organic fraction (44^4) ^  Reducible fraction (6^4) ^  
Exchangeable fraction (3%)
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15C5IO: Organic fraction (52% ) > Reducible fraction (28% ) > Residual fraction (20% )
> Exchangeable fraction (<1%)
15C1IO : Organic fraction (46%) > Reducible fraction (25% ) > Residual fraction (16%)
> Exchangeable fraction (13%))
Copper-Compost/Iron oxide treatm ent
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Figure 8.5 Sequential extraction of copper compost/iron oxide treatment
8.4 Sequential Extraction Results for Cadmium  
8.4.1 S eq u en tia l E xtraction  o f  C ad m iu m  by C o m p o st T rea tm en t
Figure 8.6 shows the sequential extraction results for Cd in the control and 
amended samples. With the control sample, only 6% o f total Cd content in soil was 
extracted in all the four steps. The percent o f total Cd associated with different fractions 
in control sample was in the following order:
Organic fraction (56% ) > Reducible fraction (25%o) > Residual fraction (14%) > 
Exchangeable fraction (6%)
In the control sample, most o f the metal was extracted in the oxidisable fraction 
and the “oxidisable” fraction corresponds to elements that occur as oxidisable minerals, 
e.g. sulphides. The metals bound to this fraction can be released under oxidising 
conditions. This suggests that under oxidising conditions this element would be more
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available in soil solution. The second major portion was associated with reducible 
fraction (25%) followed by residual (14%) and exchangeable fraction (6%). The 
percentage o f Cd in the non-residual fractions was greater than the residual fraction. 
There was no significant difference observed in the exchangeable Cd fraction (P > 0.05) 
in the compost amended soils and control sample. The residual fraction with the 
treatments HOC and II5C  has increased from 14% in the control sample up to 19%, and 
to 15% with lOC-zeo. The decreasing order o f percent Cd associated with different 
fractions with compost treatment was in the following order:
Control: Organic fraction (56%) > Reducible fraction (25%) > Residual fraction (14%o) 
> Exchangeable fraction (6%)
I10C: Organic fraction (50%) > Residual fraction (19%) > Reducible fraction (26%>) > 
Exchangeable fraction (5%)
I15C: Organic fraction (46%)) > Residual fraction (19%>) > Reducible fraction (26%) > 
Exchangeable fraction (9%)
Z10C: Organic fraction (44%)) > Reducible fraction (30%) > Residual fraction (15%) > 
Exchangeable fraction (11%))
Z15C: Organic fraction (41% ) > Reducible fraction (27%o) > Exchangeable fraction 
(20% ) > Residual fraction (12% )
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Figure 8.6 Sequential extraction o f cadmium by compost treatment
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8.4 .2  S eq u en tia l E xtraction  o f  C a d m iu m  by C o m p o st/Z eo lite  T rea tm en t
Figure 8.7 illustrates the sequential extraction o f Cd with compost/zeolite mixtures. 
All the treatments have shown an increase in the residual fraction from 14% in the control 
sample up to 21% in the treated soils.
C a d m iu m -c o m p o s t /z e o l it e  t r e a tm e n t
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Figure 8.7 Sequential extraction of cadmium by compost/zeolite
However, there was no significant difference observed (P > 0.5) between the 
treatments and control sample with respect to exchangeable and oxidisable fractions. The 
amount o f metal in the residual fraction has increased compared to the control (maximum 
was up to 66%). The decreasing order o f percent Cd associated with different fractions 
with compost/zeolite treatment was in the following order:
Control: Organic fraction (56%) > Reducible fraction (25%) > Residual fraction (14%)
> Exchangeable fraction (6%)
5C5Z: Organic fraction (45%o) > Residual fraction (17%) > Reducible fraction (29%) > 
Exchangeable fraction (10%)
10C10Z: Organic fraction (51%) > Reducible fraction (29%) > Residual fraction (15%)
> Exchangeable fraction (5%)
15C5Z: Organic fraction (47%)) > Residual fraction (27%>) > Reducible fraction (21%) > 
Exchangeable fraction (5%)
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5C15Z: Organic fraction (43%) > Reducible fraction (29%) > Residual fraction (18%) > 
Exchangeable fraction (10%)
8.4 .3  S eq u en tia l E x tra ctio n  o f  C ad m iu m  by C o m p o st/iro n  ox id e T rea tm en t
The soil amended with compost and iron oxide has shown a similar trend in the 
distribution of Cd in the soil fractions (Figure 8.8). The highest amount of Cd was found 
in the oxidisable fraction followed by reducible, residual and exchangeable fractions. The 
Cd concentrations in the residual fractions increased by 6% compared to the control 
sample. The “residual” fraction is the non-mobile fraction and is potentially the least 
harmful. The metals associated with this fraction (e.g. silicates) can only be mobilised as a 
result of weathering, and therefore have only very long-term effects (Fuentes et al., 2004).
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Figure 8.8 Sequential extraction of cadmium by compost/iron oxide
The decreasing order of percent Cd associated with different fractions with 
compost/iron oxide treatment was in the following order:
Control: Organic fraction (56%>) > Reducible fraction (25%) > Residual fraction (14%) 
> Exchangeable fraction (6%)
5C5IO: Organic fraction (48%) > Reducible fraction (28%) > Residual fraction (16%) > 
Exchangeable fraction (8%)
147
10C2IO: Organic fraction (44%) > Reducible fraction (27%) > Residual fraction (16%)
> Exchangeable fraction (14%)
15C5IO: Organic fraction  (52%) > Reducible fraction (28%) > Residual fraction (20%)
> Exchangeable fraction (<1%)
15C1IO: Organic fraction (46%) > Reducible fraction (25%) > Residual fraction (16%)
> Exchangeable fraction (13%)
W ith the treatment 15C5IO, the exchangeable fraction o f  Cd w as n eg lig ib le (<  
1%). There w as no significant difference observed betw een the exchangeable fractions 
obtained w ith  10C2IO and 15C1IO. In all the am ended so ils, Cd fraction associated w ith  
the oxid isab le fraction w as higher than w ith  the residual fraction. This indicates that 
release o f  this m etal m ight occur during oxid ising  environm ental conditions. The treated 
sam ples have show n a significant increase in the arsenic content (4%  to 25% ) in the 
oxid isab le fractions com pared to the unam ended sam ple (P <  0.05).
8.5 Discussion
The sequential extractions are perform ed as a com prehensive k now ledge o f  the  
interactions betw een  the trace elem ents and the so il matrix is required to ju d ge their 
environm ental impact. The behaviour o f  the elem ents in the environm ent (e .g ., 
bioavailability, tox icity  and distribution) cannot be reliably predicted on  the basis o f  their 
total concentrations. Chem ical speciation is o f  interest in  environm ental analytical 
chem istry because the behaviour o f  trace elem ents in  natural system s depends on  the 
form s, as w ell as the am ounts, w h ich  are present.
The available fraction that is likely  to interact w ith  b io logica l targets or affect 
som e so il functions is important rather than the total concentration o f  the m etals in  so il 
(V angronsveld  and Cunningham , 1998). C hem ical fractionation is  a com m on operational 
approach to study m etal b ioavailability in  so ils  (Sm ith, 1994; M ench  et al., 1994). 
Sequential extractions have been introduced to extract different m etal fractions. The m ain  
lim itation o f  this extraction is its inability to d istinguish am ong discrete geochem ica l 
fractions in soil, trace elem ent redistribution am ong phases, the non se lectiv ity  o f  
extractants and the effects o f  sequence o f  extractions (Q ian et al., 1996; M iller et al., 
1986). This is a qualitative approach to study temporal change in chem ical form s and 
m etal distribution am ong different phases. Sequential extractions help  to provide usefu l 
inform ation on  predicting the b ioavailability o f  m etals. T hey are considered to be o f
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greater value than single extractant techniques in the determ ination o f  m etal distribution  
in  com posts and com post am ended so ils. M etals present in exchangeable, soluble and 
organically bound form s are b elieved  to be h igh ly  available for plant uptake (Petruzzelli, 
1989; H e et al., 1992). H ow ever, som etim es it is d ifficu lt to quantify trace m etals and 
m etalloids in these form s w ith  the current techniques. Therefore, a statistical approach is 
needed to correlate trace m etals extracted by the reagents w ith  uptake o f  m etals by  
conducting plant tests.
O verall, the m etals analysed in the control sam ple show ed  an affin ity to the 
oxidisab le (Cu, Cd) and residual fractions (A s). Copper and cadm ium  are predom inantly  
found in  the oxid isab le fraction, w h ich  is m ore available in so il for plant uptake. Copper 
show s strong affinity for organic-bound fractions com pared w ith  the exchangeable  
fraction in  the control sam ple. This is in  agreem ent w ith  the other findings that copper 
associates strongly to organic matter com plexation  in  solution  (D udley et al., 1987; 
Sanders and A dam s, 1987). In all the am ended sam ples, Cu show ed a decrease in  the 
exchangeable fractions com pared to the control sam ple.
The treatments w h ich  have show n higher m ean concentrations o f  Cu in  the 
oxid isab le fraction m ight be due to Cu form ing stable com plexes w ith  organic matter 
(X iangdong et al., 2001). For Cu, the treatments that w ere effective  in  converting the 
m etal in the residual fraction are 15C5Z, 5C 15Z , Z 10C , 10C2IO , 15C1IO  and 15C5IO. 
The latter tw o treatments have yielded  the best result for restricting the uptake o f  Cu by  
rye grass com pared to other treatments. This m ight be due to the fact that w ith  15C5IO , 
the exchangeable Cu fraction w as b elo w  detectable lim it and on ly  22  m g kg'1 o f  Cu w as  
found in  the exchangeable fraction w ith 15C1IO as opposed to 170 m g k g '1 in the control 
sam ple.
The treatments I-10C  and I-15C  have also show n a significant reduction (P <  0 .5 ) 
w ith  respect to the exchangeable fraction com pared to the control sam ple and also low er  
than that obtained w ith  15C5IO and 15C1IO treatments. H ow ever, the amount o f  C u in  
th e residual fractions w ith  I-10C  and I-15C  w ere low er com pared to that obtained w ith  
15C 5IO  and 15C1IO treatments. The treatments I-10C  and I-15C  have extracted h igher  
am ounts o f  the m etal in  oxidisab le fractions whereas the treatments 15C5IO  and 15C1IO  
h a v e extracted a higher amount o f  the m etal in  residual fraction indicating that the m etal 
i s  not available for plant uptake. The treatment m ixtures w ith  com post alone (I-10C , I-
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15C, Z -10C  and Z -15C ) have show n a sim ilar trend in the fractionation behaviour except 
Z -10C . Copper is predom inantly found in the oxidisab le fraction (except Z -10C ), 
fo llow ed  by residual fraction, reducible fraction and exchangeable fraction. For Z -10C , 
the residual fraction w as higher than that in  the oxidisab le fraction. W ith com post/zeolite  
treatments, there w as no particular trend observed in  their fractionation behaviour. A  
direct com parison cannot be m ade w ith  these treatments as the total amount o f  the 
am endm ent w ith  5C 5Z  w as 10% w hereas for the rest o f  the three com binations, it w as  
20% . W ith 5C 5Z  and 10C10Z, the m etal w as found to be higher in the ox id isab le fraction  
and w ith  15C5Z and 5C 15Z  the m etal w as predom inant in  the residual fraction. The 
treatments that have the m etal predom inant in residual fraction indicate that it w ould  be  
relatively unavailable for plant uptake. The treatments w ith  higher fraction o f  the m etal in  
oxid isab le or reducible fractions indicate that changes in so il p hysico-chem ical conditions  
w ould  result in  the availability o f  this m etal for plant uptake. Organic matter p lays an 
important role in  Cu sorption esp ecia lly  hum ic substances have a large effect on  its 
retention (Flores et al., 1997; Zem beryova et al., 1998). H ow ever, for treatments, 15C5Z, 
5C 15Z , Z -10C , 10C2IO, 15C1IO and 15C5IO substantial amounts o f  Cu w ere associated  
w ith  the residual fraction than the oxid isab le fraction. This behaviour w as also reported  
by others (Lena and Gade, 1997; G ibson and Farmer, 1986) w ho concluded that m ore 
than 75%  o f  the total m etal w as associated w ith  lattices o f  primary m inerals, Fe-M n  
oxides, organic matter and sulphides (M iller et al., 1986). H ence the form ation o f  Cu- 
organic com plexes need not be h igh  in  all cases.
Cadm ium  has show n a sim ilar trend in  the fractionation behaviour to Cu. B oth  
elem ents occurred in higher percentage in oxid isab le fraction (56%  and 55%  respectively). 
It is interesting to note that on ly  4%  o f  the total m etal content in  so il w as extracted in the 
fractionation experim ents in the control sam ple. The am ended sam ples have not show n  
any particular trend in  the fractionation o f  Cd especia lly  in  the exchangeable fraction. 
Som e authors m ention that exchangeable form s o f  Cd increase significantly  after sludge  
application (Kabata-Pendias and Pendias, 1992). The treatments 5C 5Z , 5C 15Z , I-15C , Z- 
10C, Z -15C , 10C2IO and 15C1IO have show n an increase in the exchangeable fractions 
o f  Cd com pared to the control. The treatments w ith  com post alone (I-10C , I-15C , Z -10C  
and Z -15C ) have show n a sim ilar trend in their behaviour in the fractionation o f  the m etal. 
M ost o f  the m etal w as extracted in the oxid isab le fraction w ith  all the com post treatments. 
This indicates that under oxid isab le conditions, the m etal m ight be available for plant 
uptake. H ow ever, there w as no significant difference observed betw een  the treatments
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and the control sam ple regarding the amount o f  m etal extracted in the oxid isab le fraction  
(P >  0 .5). A ll the treatment m ixtures w ith  com post/zeolite have also show n a sim ilar 
trend in  extracting a higher percentage o f  Cd in  the oxid isab le fraction. A s  a result o f  
oxidisab le conditions w ith in  the so il environm ent this m etal w ould  be m ore m obile and 
bioavailable. The sequential results w ith  com post/iron oxide have also demonstrated that 
the m etal w as firm ly organically bound com pared to the rest o f  the fractions. The 
treatments 5C 5Z and 5C5IO  have restricted the uptake o f  Cd in  rye grass better than the 
rest o f  the treatments. B oth  treatments have low er pH: 4 .9  and 3 .8  respectively. It seem s  
that a low er percentage o f  am endm ents (10% ) w as effective  in reducing the 
bioavailability  o f  this m etal in  soil.
The results o f  the sequential extractions o f  A s sh ow  that m ost o f  the m etalloid  w as  
extracted in the residual fraction in the control sam ple, indicating that it m ight be 
unavailable for plant uptake. In the control sam ple the next h ighest fraction w as the 
reducible fraction. This suggests that a significant portion o f  arsenic su lfides is so lub ilised  
in  this fraction. In general, A s concentration in exchangeable fraction w as relatively sm all 
in  com parison w ith  total A s in  so il (<  1%), indicating lo w  m obility  o f  this elem ent. 
Sim ilar to Cu, the concentration o f  A s in  the exchangeable fraction in all the am ended  
sam ples has been  reduced significantly com pared to the control sam ple (P <  0 .5). The 
second h ighest percentage o f  A s w as found in the oxid isab le fraction w h ich  is related to  
species susceptib le to oxidation  such as those associated  w ith  the organic matter.
8.6 Batch Leaching Tests
The leaching tests were carried out to evaluate the release o f  m etals from  the 
contam inated soil. The leaching tests are a w ay  to rem ove so lid  com ponents from  a solid  
matrix. B atch leaching m ethods are those in w hich  a sam ple is p laced in a g iven  volum e  
o f  a leachant solution  for a g iven  period o f  tim e. M ost o f  these leaching m ethods require 
som e type o f  agitation to insure that there is contact betw een the sam ple and the leachant. 
A t the end o f  the leaching period, the supernatant liquid is rem oved and analysed. The 
detailed experim ental procedure for batch leaching is g iven  in  5 .1 .5 .
151
8.6.1 E ffect o f  C om p ost, Iron  ox id e and Z eo lite  on  th e L ea ch in g  B eh a v io u r  o f  
C op p er
The compost treatments showed a significant decrease in the leaching of Cu 
compared to the control sample (P < 0.05). The compost decreased the leaching of copper 
by 75%-80% compared to the control sample. There was no significant difference 
observed for the compost treatments (P > 0.05) and the percentage o f Cu leached is almost 
the same by all three treatments (5C, 10C and 15C) (Figure 8.9).
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Figure 8.9 Leaching of copper by iron oxide, zeolite and compost treatments
Sorption of Cu might have taken place on the organic matter present in the 
compost or metal incorporation in to the lattices of inorganic portion of compost. The 
humic substances present in the organic matter of compost have a high affinity for metal 
ions. When soils were treated with iron oxides alone, a slight increase in the leaching was 
observed. The control sample has leached 8% copper compared to the control whereas 
1IO, 2IO and 5IO have leached 8%, 9% and 8% copper respectively. All the iron oxide 
treatments showed a similar behaviour in copper leaching from the soil sample. There 
was no significant difference between the treatments with respect to leaching of copper.
The treatment of the soil sample with 10Z can be considered to be the optimum 
amongst the zeolite treatments. All three treatments (5Z, 10Z and 15Z) have shown a 
significant difference in reducing the leaching compared to the control sample. While the
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10Z and 15Z treatments did not sh ow  any significant difference in  their behaviour (P >  
0 .05), both treatments show ed  a significant difference com pared to 5Z. It is interesting to  
note that the treatments 5C, 10C and 10Z show ed a sim ilar reduction in the leaching o f  
copper com pared to the control sam ple.
8.6.2 Effect of Compost/Zeolite and Compost/Iron Oxide on the Leaching 
Behaviour of Copper
It can be observed from  Figure 8 .10 that the treatment 15C1IO and 15C5IO  
show ed a significant reduction in the leaching o f  copper (<  1%) com pared to the control 
(Figure 7 .10) (pH increased to 4  w ith  15C1IO and to 3 .4  w ith  15C5IO  treatment). H su  
and Lo (1999) have reported that the leaching o f  copper from  organic am endm ent 
(com posted  hog manure) w as lo w  due to the interaction o f  the m etal w ith  organic matter 
in  the com post.
The com bination o f  com post and zeo lite  treatment show ed a decrease in the 
copper concentration (up to 88% ) com pared to the control sam ple. A lthough there w as no  
significant d ifference observed betw een  the treatments (P >  0 .05), there w as a significant 
difference observed w hen  com pared w ith  the control (P <  0 .05). The reduction o f  copper 
concentration w ith the addition o f  zeo lite  and com post w as probably due to a reduction in  
acidity (from  3.2  w ith  iron ox ides to 3 .7  w ith  15C 5Z and to  3 .9  w ith  15Z5C). The 
reduction in acidity m ight be induced by the carbonate fraction o f  the zeo lite  product. 
There w as no significant difference observed w ith  respect to the leaching o f  copper w ith  
com post (alone) and com post w ith  zeolite. The com bination o f  com post and iron oxide  
w as proved to be efficien t in  reducing the leaching com pared to iron ox id e alone.
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Figure 8.10 Leaching of copper by compost/zeolite and compost/iron oxide treatments
8.6 .3  E ffect o f  S o il A m en d m en ts  on th e L ea ch in g  B eh a v io u r  o f  C ad m iu m
The percentage o f cadmium leached by the unamended sample is only 2.6% and 
the leaching o f Cd was negligible (< 0.001%) with all the amendments. As the leaching 
o f Cd by the control sample is low, the addition o f amendments had a further significant 
impact in reducing its leaching.
8.6 .4  E ffect o f  C o m p o st, Iron  O xid e and  Z eo lite  on  th e L ea ch in g  B eh a v io u r  o f  
A rsen ic
The amount o f arsenic concentration in the leachate increased with the increasing 
addition o f compost to the soil from 5% to 15% (Figure 8.11). This increased 
concentration o f arsenic by the addition o f compost might be due to the replacement o f 
arsenate by phosphate (hypothesis based on literature). As can be seen from the physico­
chemical characteristics o f compost, it has high concentrations o f phosphorus. Arsenic 
and phosphorus have similar physico-chemical properties (both form oxyanions-arsenate 
and phosphate respectively in the +5 oxidation states in soils) and compete directly for 
sorption sites on the soil particles (Davenport and Peryea, 1991).
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With iron oxide treatment, there was no significant difference observed between 
the treatments 110, 210 and 510 (P > 0.05). As with the zeolite treatment, there is a 12% 
increase in the leaching o f arsenic by 5Z treatment compared to the control sample. The 
treatments 10Z and 15Z did not show any significant difference (P > 0.05).
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Figure 8.11 Leaching of arsenic by compost, iron oxide and zeolite treatments
8.6 .5  E ffect o f  C om p ost/Iron  ox id e and  C o m p o st/Z eo lite  on  th e  L ea ch in g  
B eh a v io u r  o f  A rsen ic
There is an interesting trend observed in the leaching o f arsenic with compost/iron 
oxide treatment (Figure 8.12). A reduction is observed with 5C1IO and 10C2IO (71% 
and 95% compared to the control sample). As reported by Jacobs et al., (1970) that 
increasing concentrations o f Fe203 has resulted in increasing retention o f As in soils. The 
formed iron arsenates are considered as insoluble phases in the literature. The pH o f the 
leachates from the compost/iron oxide treatment was in the range o f 3.6 to 4.0. 
Adsorption o f arsenate to iron oxide surfaces tend to decrease with increase in pH at least 
between pH range o f 6-9 (Dzombak and Morel, 1990; Waychunas et. al., 1993).
The treatments 15C1IO and 15C5IO did not show any significant difference in 
their behaviour (P > 0.05). The treatment 10C2IO is considered to be the optimum 
treatment amongst the compost/iron oxide combination (< 1% leached). The treatment 
5C5Z and 5Z have shown a similar behaviour in the leaching o f arsenic. There is an 
increase (7%) in the leaching o f arsenic by both treatments compared to the control
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sample. The treatments 10C10Z and 15C5Z have shown a similar behaviour in the 
leaching and no significant difference is observed between the treatments (P > 0.05). The 
treatment 15Z5C has shown a 91% decrease in the leaching o f arsenic compared to the 
control sample. The combinations 15Z5C and 10C2IO can be considered to be the 
optimum treatments for reducing the leaching o f arsenic.
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Figure 8.12 Leaching of arsenic by compost/iron oxide and compost/zeolite treatments
8.7 Discussion
The adsorption o f anions such as arsenate on iron oxides is strongly pH dependent 
and increases as pH falls below 7 because at the same time the positive surface charges o f 
the iron oxides increases. However, the adsorption o f heavy metal cations such as Cu 
rises as pH increases. In all the amended soils, pH is below 7; hence the adsorption o f 
anions such as arsenate is favoured. The addition o f compost alone has decreased the 
leaching o f  copper significantly compared to the control sample. Although, there was no 
difference observed between the compost treatments. The humic substances present in the 
organic matter (compost) may be responsible for the adsorption o f copper from the 
contaminated soils. However, when the soils were treated with iron oxide alone, only 
l% -2%  o f Cu leached (an insignificant amount). With the zeolite treatment alone, the 
leaching o f copper decreased significantly. Similarly, when zeolite was combined with
compost, the decrease in the leaching o f  copper was significant. Although, the percentage 
o f zeolite seemed to have little effect on the leaching.
The leaching o f cadmium was negligible (< 0.001%) with all the amendments. 
However, the concentration o f  cadmium in the control sample was only 2.6% compared to 
the total concentration in soil. It is observed that the addition o f  amendments had further 
significant impact on reducing the leaching o f cadmium.
On the contrary, the concentration o f  arsenic in the leachate increased by the 
addition o f compost alone from 5% to 15%. W ith iron oxide alone, no significant 
difference was observed between the treatments. However, the combination o f  compost 
and iron oxide yielded the best results in reducing the leaching o f arsenic (<1%).
8.8 Conclusions-Sequential Extraction
The results for the sequential extraction o f amended and control soil samples were 
presented in this chapter. The main findings are:
•  Copper was found mostly in the oxidisable fraction (43%-85%). This indicates that 
during oxidisable conditions o f the soil, the metals might be available for uptake by 
the plants. However, for some o f the treatments (as mentioned in the above section) 
the residual fraction was found to be higher.
•  For Cd, higher amounts were present in the oxidisable fraction for both amended and 
control samples. There was an increase in the amount o f Cd in exchangeable fractions 
for some treatments and no significant difference was observed (P > 0.5) between the 
treatments in the oxidisable fractions
•  The fractionation o f  As was found to be higher in the residual fraction for all the 
samples including control. This indicates that the metal is relatively immobile in soil.
•  The treatments 15C5IO and 15C5Z have reduced the uptake o f  As in rye grass 
significantly (P < 0.5) compared to other amended samples. The amended samples 
that have a higher percentage o f compost with iron oxide or zeolite (15C5IO, 15C5Z
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and 15C1I0) were effective in reducing the uptake o f As by rye grass. The pH o f 
these treatments was 5.4, 4.9 and 5.2 respectively. Compost, being effective in 
immobilising As and the high pH o f the treatments might have helped in reducing the 
uptake o f  the metalloid by the plants. The presence o f  organic m atter may either 
increase the adsorption o f As and consequently decreases its availability (Cornu et al., 
1999) or increase As availability in the presence o f  soluble organic matter (Kalbitz 
and Wennrich, 1998). The residual fraction represented the major portion o f As in the 
soil which seems to be due to the fact that As from the spill comes mainly from 
arsenopyrite.
8.9 Conclusions-Batch Leaching
•  Results for samples obtained from the leaching experiments suggest that the mobility 
o f the metals is in the following order: As > Cu > Cd.
•  The addition o f iron oxide alone has increased the leaching o f  copper. The treatment 
combination 10Z could be considered as optimum amongst the zeolite treatments.
• The treatment combination 15C1IO and 15C5IO have yielded best results in reducing 
the leaching o f  copper compared to other treatments.
•  The leaching o f  cadmium was <0.001% by all the amendments.
• The leaching o f  arsenic increased by increasing the percentage o f  compost from 5%- 
15%.
• There was no particular trend observed with iron oxide and zeolite treatments for 
arsenic leaching.
•  The treatment 10C2IO has reduced the arsenic leaching to < 1%.
The next chapter deals with the results o f metal distribution in the control and 
amended soils by SEM-EDX. A  fast and non destructive spectral analysis using EDX has 
been performed in a scanning electron microscopy on the soils to characterise the 
elemental distribution. The SEM image at various magnifications for soil and other 
amendments has also been reported in the following chapter.
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CHAPTER 9
METAL DISTRIBUTION ON THE 
AMENDED AND NON-AMENDED SOIL 
BY SCANNING ELECTRON 
MICROSCOPY
159
9 Introduction
SEM-EDX was used to determine the elemental composition o f  the 
specimen studied. The morphological observations and chemical composition 
measurements for soil, bulk and single particles, along with any phase changes that may 
have taken place after the addition o f  the amendments have been studied using this 
technique. It also allowed us to examine the distribution and location o f the metals in the 
contaminated soil after remediation has taken place using the backscattering technique.
9.1 SEM -EDX o f Control and Am ended Soil Samples
The SEM-EDX shows different metal peaks in the spectra (shown in the following 
sections) o f  numerous soil samples examined, suggesting that the metals are dispersed 
throughout the soil. The images o f  the bulk soil samples randomly selected at varying 
magnifications from 45-10000X have revealed irregular shapes. Single-particle and 
clustered particle elemental analyses were carried out. M ost o f the sample particles 
revealed the presence o f  the following elements: Fe, O, Al, K, As, Na, Si and traces o f  Pb, 
Cu, Zn and F.
The amended samples that were subjected to EDX did not show any newly formed 
phases with their composition. It m ight probably due to the morphological nature o f the 
phases formed if  any or the quantities were too low  to be detected by EDX. The SEM- 
EDX results o f some o f  the amended soil samples are discussed in this section. The EDX 
results in terms o f  average elemental content (weight %) o f  the control soil sample (non­
amended) are illustrated in Table 9.0. The EDX analysis o f the control soil sample 
showed that in addition to Al, Fe, O, S, As, Cu, Cd and Pb, other elements such as F and 
Sn are also present. The control soil sample showed high percentages o f iron, sulphur and 
arsenic. This can be attributed to the presence o f  arsenopyrites in the contaminated soils 
(n is the number o f samples used for the SEM -EDX analysis). Among the random sites 
selected for the control samples, one particular site (Figure 9.0) has revealed high arsenic 
content with white crystals like structure on the backscattered electron image. EDX point 
analysis indicated that this particle consisted o f  arsenic up to 12% by weight. In addition 
to arsenic, this particular site contained Al, O, S, Ca and Fe. Figure 9.1 shows the 
distribution o f various elements in another randomly selected control soil sample. The 
green colour represents the distribution o f  aluminium, silicon by red and oxygen by blue.
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The distribution o f  arsenic (green) and oxygen (red) in the same soil sample is depicted in 
Figure 9.2. The quantification o f the control sample (shown in Figure 9.1) in terms o f 
weight (%) and atomic (%) is shown in Table 9.1. Some o f the metals such as Cu, Cd, Pb 
and Zn were not detected in this particle. The K, L or M  levels indicated in Table 9.1 
represent the levels or shells. Each element is comprised o f  a nucleus and electrons orbit 
around the nucleus. The electrons orbit the nucleus o f an atom in a series o f  levels. Each 
level or shell is designated as K, L or M  depending on its relationship to the nucleus o f  the 
atom.
Table 9.0 EDX elemental composition of control soil sample
Element Weight %
0 42
Si 11
K 0.93
Fe 22
S 1.5
As 12
(n =  10)
Table 9.1 Quantification of a control sample
Element Weight% Atomic%
C K 6.28 10.85
O K 51.09 66.27
F K 0.00 0.00
A IK 1.10 0.84
S iK 19.93 14.73
K K 0.22 0.12
Fe K 13.43 4.49
C u K 0.00 0.00
Zn K 0.00 0.00
Cd L 0.00 0.00
Pb M 0.00 0.00
As L 
Totals
7.96
100.00
2.20
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Figure 9.0 Control sample showing white beaded-like crystals at 1000X
1 T O O jjm
Figure 9.1 Control sample showing distribution of elements-Green (Al), Red (Si), Blue (O)
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Figure 9.2 Control sample showing distribution of As (Green) and O (Red)
Figure 9.3 shows an image o f soil that has been amended with 10% compost and 
Figure 9.4 illustrates the distribution o f oxygen (blue), iron (red) and arsenic (green) in the 
same soil sample. In the sample treated with iron oxide, arsenic appears to be combined 
in the matrix with iron and oxygen. In most o f the treated samples, whenever arsenic is 
detected, sulphur is often present. In other treated samples, tin, bromium and fluorine 
were also detected. The historical background o f the site suggests that the area was 
predominant in arsenic, copper and tin. Figure 9.5 shows the distribution o f tin (red) and 
copper (green) in a randomly selected soil sample from the 10% compost treatment 
mixture. Figure 9.6 shows the distribution o f oxygen (green), aluminium (blue) and 
silicon (red) in the soil sample selected from the 10% compost (10C) treatment. The 
treatment mixture 15C5IO showed arsenic intervened in the matrix o f iron and oxygen 
(Figure 9.7). The figure shows the distribution o f oxygen (blue), iron (red) and arsenic 
(green). However, this technique does not provide any information on the crystalline state 
o f the arsenic bearing phases. Particles rich in arsenic have an O/Fe ratio often > 1.5, 
ratio corresponding to the structure o f hematite. It could be supposed that arsenic 
oxyanions are combined with the iron oxide phases from hematite.
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Figure 9.3 Soil particle from 10% com post treatment
400|jm
Figure 9.4 Distribution of O (blue), Fe (red) and As (green)
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Figure 9.5 Sn (red) and Cu (green) in the soil sample treated with 10% compost
100pm '
Figure 9.6 Distribution of O (green), Al (blue) and Si (red) in 10% compost soil
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Figure 9.7 Distribution of O (blue), Fe (red) and As (green) in 15C5IO soil.
An EDX spectrum o f the soil sample before and after treatment with 15C5IO is 
shown in Figures 9.8 and 9.9 respectively. The percentage o f metals corresponding to the 
spectrum with 15C5IO treated soil is shown in Table 9.2. The oxygen and silica content 
o f the soil sample are high indicating high peaks and small peak o f Cu is observed 
corresponding to a smaller concentration o f about 0.25% (w/w). Minute fraction o f Ti is 
also observed in the sum spectrum o f the soil sample treated with 15C5IO. The arsenic 
peak in the untreated sample is quite prominent (Figure 9.8) and only little peaks were 
observed after the treatment (Figure 9.9). The Fe peak has also become prominent in the 
15C5IO treated sample. The atomic and weight % o f As in the soil before treatment was 
4.87 and 1.28 respectively and after the treatment it has come down to 3.04 and 0.89 
respectively.
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Figure 9.8 Sum spectrum of soil before the treatment
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Figure 9.9 Sum spectrum o f soil treated with 15C5IO
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Table 9.2 Percentage o f metals related to sum spectrum  for soil treated with 15C5IO
Element Weight% Atomic%
CK 0.00 0.00
OK 49.35 67.88
NaK 0.48 0.46
Mg K 0.44 0.40
AIK 5.91 4.82
SiK 24.28 19.02
KK 2.01 1.13
CaK 1.04 0.57
TiK 0.14 0.07
Fe K 11.39 4.49
CoK 0.00 0.00
CuK 0.25 0.09
AsL 3.04 0.89
AuM 1.33 0.15
HgM 0.33 0.04
Totals 100.00
The SEM image, sum spectrum and the elemental composition for the soil treated 
with 10C10Z are shown in Figure 9.10, Figure 9.11 and Table 9.3 respectively. The 
image shows the soil particles treated with 10C10Z distributed randomly. The sum 
spectrum in Figure 9.11 shows C, O, Al, Si and Fe in higher quantities compared to other 
elements such as As and Cu. Gold peaks were detected in the spectrum as the soil sample 
was coated with gold. As such, this particular soil specimen has not shown anything 
specific to the treatment 10C10Z.
1 900(jm 1 Electron Image 1
Figure 9.10 SEM Image of soil treated with 10C10Z
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Figure 9.11 Sum spectrum o f soil treated with 10C10Z
T able 9.3 P ercen tage  o f  m eta ls  rela ted  to  su m  sp ectru m  fo r  so il trea ted  w ith  10C10Z
E lem en t W eigh t% A to m ic%
C K 28.95 42.21
O K 37.99 41.58
A IK 14.44 9.37
S iK 3.61 2.25
K K 0.23 0.10
C aK 0.20 0.09
Fe K 12.4 3.89
C uK 0.25 0.09
A sL 0.99 0.23
A gL
Totals
0.37 1 
100.00
0.06
9.2 SEM -EDX o f Soil Am endm ents
The EDX elemental composition of zeolite, compost and iron oxide are shown in 
Table 9.4. Similar to the control soil samples, ten numbers of samples for each material 
has been used for the analysis and an average was calculated. The results o f the zeolite 
EDX show that the percentage of potassium is higher than sodium indicating that it is
potassium based clinoptilolite. The zeolite composition as analysed by the manufacturer 
also confirms the same (Table 6.1). This in a way is advantageous as the sodium based 
zeolite might be harmful to plant growth (Barbarick and Pirela 1984). Typically 
clinoptilolite is a tectosilicate where oxygen is connected to silicon or aluminium ion at a 
ratio of [Al+Si]/0=T/2. As seen from the results, the average ratio of this is 0.7 (ideally it 
should be 0.5). The characterisation of compost showed good percentage of oxygen. 
However, other elemental contents were low especially Cu, Mg and K. For iron oxide, 
EDX could not detect the presence of any metal content, but the Fe and O composition 
was 85% and 15% respectively. Arsenic was not detected in any o f the amendments 
except for copper which was detected at low concentrations in the compost. No element 
was found to be in excess concentrations in the materials analysed.
Table 9.4 EDX elemental composition of soil amendments
Element Zeolite Compost Iron oxide
Oxygen 50.0 43.0 15.0
Silicon 32 5.6 Trace
Sodium 0.55 — —
Potassium 2.6 0.76 —
Chloride — — —
Calcium 1.6 7.8 —
Iron 4.6 7.3 85
Phosphorus — 4.4 —
Magnesium 0.64 0.44 —
Aluminium 6.2 2.1 Trace
Sulphur — 1.3 Trace
Copper — 0.21 —
Arsenic — — —
(n = 10)
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The SEM images of zeolite are shown in Figures 9.12 and 9.13. The images show 
the zeolite at 45X and 1500X respectively. The clinoptilolite grains have a size between 
0.1-2 mm, brick shaped and tabular. These figures illustrate some grains to be crystal 
shaped. A higher magnification (10000X) of the sample shows the zeolite being in 
separate layer of sheets (Figure 9.10). There is a thin layer of debris on the zeolite 
particles, but these samples were used ‘as-received’ for this study without any pre­
treatment.
T ||||1 I
8|jm 1
Figure 9.12 SEM image of zeolite (Clinoptilolite) at 45X
40(jm
Figure 9.13 SEM image of zeolite (Clinoptilolite) at 1500X
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The SEM-EDX quantitative results for iron oxide are shown in the Figure 9.14. 
The average percentage of iron was found to be 85% and that of oxygen 15% when 10 
samples were subjected to SEM-EDX. The iron oxide obtained from the manufacturer is 
in the form of Fe2 C>3 (95% min). Other elements such as Al, Si and S were also detected 
in trace quantities by EDX.
Quantitative results
100 
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Figure 9.14 SEM image of zeolite (Clinoptilolite) at 1500X
Figure 9.15 shows the SEM image of the compost sample. The average weight % 
of phosphorus, calcium as shown by SEM-EDX results indicates that it is good quality 
compost. The randomly selected area o f the compost shown in the figure may be the 
plant material (probably xylem/phloem). The nutrient content o f compost is quiet 
variable. It is greatly influenced by the raw materials that are composted.
200pm
Figure 9.15 SEM  image o f com post used for the experim ents
172
9.3 Summary
The SEM images for the control sample had shown crystals containing arsenic on 
the surface. The point analysis on these spots has shown higher concentration (upto 12%) 
of arsenic. However, Cu, Cd and Zn were not detected in some of the selected samples. 
The characterisation of the amendments by EDX correlates closely with the chemical 
characterisation. The EDX spectrum of the treated soils showed that there were no 
detectable changes in the soil mineralogy after in-situ treatment. The analysis of the 
samples has failed to show any obvious difference in trace mineral phases after treatment. 
However, EDX spectra o f many treated soil particles contained large Fe peaks while 
untreated soil particles show little Fe peaks. A few particles were detected in compost/iron 
oxide treated soils which showed association between Fe and As in EDX collected on 
certain areas of the particle surfaces. However, the morphologies of these particles do not 
seem to indicate the formation of any new arsenic bearing phases. The batch leaching 
experiment results clearly showed that soil arsenic leachability was reduced to < 1% after 
treatment with compost/iron oxide (See Chapter 8 for results). Even if any arsenic 
bearing phases existed in the treated samples, the amounts must be very small to be 
detected.
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CHAPTER 10
SUMMARY
CONCLUSIONS
AND
RECOMMENDATIONS
10 Summary
The take up of metals/metalloids from the contaminated soils presents a health 
hazard that may affect the use of agricultural and former industrial land. Methods for 
limiting the hazard are required to control further contamination. The proposed 
remediation strategy was to use compost enriched with inorganic amendments for the 
immobilisation of heavy metals/metalloids in the contaminated soils. Excavation of the 
contaminated soils could be a preferred option for the remediation of contaminated soils. 
However, it is practically not feasible or economical to apply this technique since the 
contaminated site is very large and some areas would be inaccessible for heavy equipment. 
The technique used in this particular research study aimed at using organic and inorganic 
soil amendments with a view to contain and reduce the mobility and bioavailability of the 
metals/metalloids of concern as well as improving the soil characteristics for greening 
purposes.
The major environmental concern for the study site is the leaching of arsenic into 
the groundwater and the surface waters in the surrounding area. Experiments have 
demonstrated that the leaching of arsenic was very low and the leaching of other metals 
could be reduced by chemically modifying the soil properties to facilitate the formation of 
more stable-metal bearing compounds. Despite the very high levels of arsenic in the soil, 
the relative portions in the leachate (%) are smaller. This suggests that arsenic binding 
could be relatively strong in the soil.
Significant increase in terms o f ryegrass growth was found with increased rate o f addition 
of compost as shown by the biomass content in the amended pots. The best results with 
respect to grass growth were obtained with 15C5Z and 15C5IO i.e. with higher 
percentage of compost in combination with either zeolite or iron oxide. It is suggested 
that the organic matter in the compost might have improved the soil conditions (such as 
water holding capacity, as it is a sandy soil) and subsequently improved vegetation growth. 
As it is well known, the nutrient content of the compost would also help in supporting 
plant growth effectively. The efficiency of soil amendments was assessed in greenhouse 
experiments and the results demonstrated that there was as significant reduction of 
bioavailable arsenic in the amended pots. The plants with the treatments 15C5IO and 
15C1IO had taken up only 2% of Cu compared to the total metal concentration in soil. 
The ability of Cu to form complexes with soluble organic matter may be decisive in the
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solubility of Cu during the active remediation phase, as exogenous organic matter was 
incorporated into the soil from both organic amendment (compost) and plant roots. 
However, for Cd the treatments 5C5IO and 5C5Z have taken up only 3 mg kg'1 in soil 
(which is < 1% of the total concentration in soil). For As, 15C5IO and 15C5Z have 
reduced the uptake to 2 mg kg'1 in the rye grass (which is < 0.1% of the total 
concentration in soil). The pH of the soil was found to increase after the addition of the 
amendments from 3.2 up to a maximum of 5.2. Soil pH is a critical factor that affects 
plant uptake of metals. The effect of compost, zeolite or iron oxide on this parameter is 
likely to have an important influence on metal availability and transfer to plants. The 
difference in pH values of the compost (6.8) and zeolite (7.5) themselves probably 
contributed to their differing effects on soil pH. An increase in soil pH after the addition 
of organic matter could be largely due to the addition of basic cations and the organic 
matter acts as a nutrient pool, improving nutrient cycling, increasing CEC and improving 
the soil physical properties such as the water holding capacity, density and root 
penetration. The nutrients from the organic matter will improve vegetation growth on the 
contaminated soils and hence are beneficial for reducing erosion and soil particles 
movement. Both pH and the level of amendments’ addition were found to influence the 
availability and uptake of metals. In addition to soil pH and organic matter, redox 
potential changes induced by plant roots also affect the heavy metals bioavailability. 
Plants may indirectly enhance metal immobilisation through increased microbial activity, 
redox reactions and precipitation of insoluble metal complexes in the rhizosphere.
The stabilisation of soils contaminated with metals, as assessed by batch leaching 
tests significantly reduced the leaching of the metals. Similarly, the sequential extraction 
of the control samples confirmed that most of the As in these soils was strongly bound in 
the residual fractions, whereas the contributions o f potentially mobile and surface-bound 
As forms were relatively low. Overall, the sequential extraction results for Cd and Cu 
have also indicated that the exchangeable forms o f the metals in the soils amended with 
different materials changed to unavailable forms. The exchangeable forms o f high levels 
of As, Cd and Cu can be transformed into unavailable forms after amendments with 
compost, iron oxide or zeolite. The observations suggest that the exchangeable metals 
were converted to organic-bound and inorganic precipitate forms. The increase of pH 
might have facilitated the adsorption of metals on various binding sites, thus decreasing 
the metal content in soil solution. Organic matter provides a large number of non-specific 
and specific adsorption sites for metals from which they may be difficult to replace. The
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results from SEM-EDX analysis of some of the treated samples (IOC) indicated that 
arsenic is predominantly associated with iron phases. However, both XRD and SEM- 
EDX analyses do not show the presence of arsenic bearing mineral phases such as 
arsenopyrites. The formed phases were either present in low concentrations below the 
detectable limit (usually < 1% for XRD and SEM-EDX) or they might not be in 
crystalline phases for XRD to detect. For As, a possible suggestion is that surface 
complexation of As with Fe on the surface of iron oxide must have taken place. However 
because no newly formed As bearing phases were detected by both techniques in the 
treated soils, the mechanism by which the amendments reduced the leachability/uptake of 
soil metals could not be conclusively shown.
The methodology applied here does not allow us to deduce the exact nature of the 
metal fixation processes involved in the contaminated soils studied. However, there is a 
strong possibility that the metal immobilisation via sorption or co-precipitation processes 
onto iron oxides/zeolites/compost might have taken place. The addition of organic matter 
to soils can also affect metal immobilisation; nevertheless, no real association between 
arsenic and organic matter could be confirmed in this study. A brief summary o f the 
laboratory investigations for each experimental procedure is outlined in the following 
section.
10.1 Laboratory Investigations
The main conclusions derived from the laboratory experiments are described below: 
Physico-chemical characterisation-soil and amendments
• The contaminated soil has low pH-3.2, low organic content-0.9% w/w, sandy texture 
(92% sand), high total phosphorus and total sulphate content -430 mg kg'1 and 3940 mg 
kg'1 respectively.
• The natural zeolite, Clinoptilolite was found to contain more potassium exchangeable 
cations. The mineralogical composition was found to be Clinoptilolite, 3% feldspar, 1% 
cristobalite, S i02-66%, Al20 3-11%, Fe20 3-1%, Na2O3-0.65% and K20-3% . The cation 
exchange capacity for the zeolite was found to be in the range o f 1.6-2.2. pH of zeolite 
was 7.5.
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• The compost used for the study was a mixture of 1:1 composted sewage sludge and 
greenwaste composts, with a pH of 6.77. The compost has good amount of organic matter 
that accounts to 37%.
• The compost has total phosphorus-19654 mg kg'1 and total sulphate- 8514 mg kg'1.
• Iron oxide has 85% in the form of iron and the rest 15% was oxygen.
Acid extraction (Heavy metal/metalloid content)-SoiI and amendments
• Total acid digested metal/metalloid content for the soil had As (34470 mg kg'1), Cd (813 
mg kg'1) and Cu (1641 mg kg'1).
• Total acid digested metal/metalloid content for the clinoptilolite showed the presence of 
As (5 mg kg'1), Cd (1.4 mg kg'1) and Cu (< 3 mg kg"1). The compared with the metal 
content in soil, the metal content in the zeolite is negligible.
• Total acid digested metal/metalloid content for the compost showed the presence o f As (7 
mg kg'1), Cd (1.2 mg kg'1), and Cu (349 813 mg kg'1).
Batch leaching-ControI and amended samples
• Batch leaching results showed that addition of iron oxide had not any significant 
difference in leaching compared to the control sample. Compost (15C) and zeolite (10Z) 
addition has leached significantly lower amounts of Cu compared to the control sample 
(up to 80% and 52% respectively).
• Combination of compost and iron oxide has leached < 1% of Cu compared to the control.
• The concentration of cadmium leached from all the amended samples was found to be < 
0.01% compared to control sample.
• The leaching o f As increased proportionately with the addition of compost (from 5% to 
15%).
• With iron oxide and zeolite, there was no significant difference observed between the 
treatments, except with 5% zeolite where the level o f As was 12% higher than in the 
control sample.
• The most effective treatment for reducing As leaching (below 1%) was with the 10C2IO 
and 15Z5C.
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Sequential extraction-C ontrol and am ended sam ples
• The sequential extraction of the control sample showed a significant association of As in 
the residual fraction (69%), followed by Fe-Mn oxide fraction (11%), organic fraction 
(10%) and exchangeable fraction (9%).
• Cu in the control sample was associated more with organic fraction (55%) followed by 
residual fraction (26%), reducible fraction (13%) and exchangeable fraction (3%).
• Cd in the control sample was associated with more with organic fraction (56%), reducible 
fraction (25%), residual fraction (14%) and exchangeable fraction (6%).
• For all the amended samples, the concentration of As was found to be higher in the 
residual samples.
• For Cu, the treatment with compost has shown that the metal was present more in the 
organic fraction, except for Z10C where the concentration was higher in residual fraction.
• With compost/zeolite treatment, Cu was found in higher concentrations in organic fraction 
except for 15C5Z and 5C15Z, where the residual fraction had high Cu.
• With compost/iron oxide treatment, Cu was found in higher concentrations in organic 
fraction except for 1OC2IO, where the residual fraction had high Cu.
• For Cd, all the amended samples have shown a similar trend with high Cd concentration 
in the organic fraction
Greenhouse experiments-Biomass growth
• The control sample did not support any plant growth due to the lack of nutrients and high 
contamination by metals/metalloids.
• Zeolite and iron oxide also did not support the growth of ryegrass.
• Compost on its own has yielded better growth o f ryegrass. Increasing the percentage of 
compost from 5% to 15% has improved the growth significantly and the grass was dense 
and greener in appearance.
• The combination of compost/zeolite and compost/iron oxide treatment mixtures was 
effective in re-vegetation of the contaminated soil. The growth o f the grass with these 
treatments was higher and thicker than compared to rest of the treatments.
• The best results with respect to plant growth were obtained with 15C5Z and 15C5IO.
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G reenhouse experim ents-B ioavailability
• For As, the treatments 15C5IO and 15C5Z have yielded the best result in reducing the 
uptake of the metal (to 2 mg kg'1). This represents <0.01%  of the total amount o f As in 
the soil. pH of the treatment combination has played a crucial role in reducing the uptake 
of the metal.
• The treatments 15C5IO and 15C1IO have reduced the Cu bioavailability significantly 
compared to other treatments.
• The concentration of Cu in rye grass with these treatments was 24 and 35 mg kg'1 
respectively. The percentage of uptake was 1% and 2% respectively compared to the total 
amount of Cu present in the contaminated soil. pH and the higher compost addition has 
played a significant role in restricting the uptake of the metal by the plants.
• For Cd, the treatments 5C5Z and 5C5IO have reduced the uptake of the metal to 3 mg kg'1 
respectively, which is less than 1% of the total metal concentration present in the soil.
SEM-EDX and XRD results
• The analyses of treated soil samples by XRD and SEM-EDX did not show any metal 
bearing phases or new phases formed. However, the interaction of distribution of iron and 
arsenic was found together in the sample treated with iron oxide. It could be suggested 
that even if formed, the concentration might too low for detection or not be crystalline to 
be detected by XRD.
The following table shows a brief sum up of the results obtained with selected 
treatment combinations. The treatment mixture that could be used for each of the 
parameter mentioned below is indicated with a tick mark. It has to be noted that for 
cadmium batch leaching all the amendments have shown a decrease in the leaching 
similarly and hence all the treatment mixtures are shown effective in the table.
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Table 10.0 Effectiveness o f  the treatm ent com binations
Treatment
mixture
Biomass
Growth
Batch Leaching Reduced take up by 
ryegrass
Cu Cd As Cu Cd As
15C5Z ✓ ✓
15C5IO ✓ ✓ S ✓
15C-zeo S S
15C1IO ✓ S
10C2IO S S
15Z5C S S
5C5Z ✓
5C5IO
It could be deduced from these laboratory based experiments that the treatment 
combination of compost/iron oxide and compost/zeolite are effective to remediate 
metal/metalloid contaminated soils. As mentioned in the previous chapters, it is difficult 
to zero-in on one particular treatment when there is a metal/metalloid contamination; 
however, the laboratory results have shown that the treatment mixture 15C5IO has 
worked effectively for the tested parameters (such as biomass, leaching and 
bioavailability) and hence could be considered as an optimum treatment combination for 
this site. The treatment mixture did not mobilise metals/metalloids to the soil from any of 
the amendments. The main purpose o f the research of restricting the leaching of 
metals/metalloids, reducing their availability to plants and adding the organic matter to 
soil thereby initiating the plant growth was served. Soil amendments applied on the field 
may be subject to a variety o f factors that affect the leaching and bioavailability 
characteristics of the metals. It is therefore imperative that field experiments to study the 
long term effect of such treatments should be performed.
10.2 Recommendations for Future Outlook
The results showed that compost enhanced with inorganic compounds (zeolite and 
iron oxide) has significant potential for the remediation of metal contaminated soils via 
containment. The addition of amendments to soil have reduced the metal mobility, as 
estimated by various methods, facilitated growth o f grass on soil subsequently leading to
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reduced toxicity to plants. This clearly established the suitability o f the method for in-situ 
containment of metal contaminated soil, even at high metal concentrations. However, the 
following could be considered for future outlook:
• Liming the contaminated soil would help increase the pH that might lead to further 
reduction of the metal mobility.
• A more rapid assessment o f site contaminants at the field rather than laboratory-based 
approach is required to study the long term effectiveness of the soil amendments. This 
also helps in obtaining a fundamental understanding of the transport o f contaminants in 
the actual field.
• Addition of N, P, K contents to the control sample would distinguish between the effects 
of amendments in nutrient supply and calculation of N, P, K in different percentage of 
composts (5%, 10% and 15%) and plotting them against biomass and control would give 
better understanding on the usage o f compost.
• Evaluation of the treatment mixture consisting o f all three-compost, iron oxide and zeolite 
would be interesting; this would give an insight in to further reduction in the leaching and 
bioavailability, if any. Additionally, cost comparison could be performed on this mixture 
against compost/zeolite and compost/iron oxide.
• Experiments on the efficiency of each amendment on their metal adsorption capacity 
would be beneficial in evaluating the adsorption coefficients of the amendments.
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